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Meeting the continuous increase in power demand and the need for clean environment 
makes decentralized renewable energy production very important. Solar and wind energy are 
being looked upon as the major contributors to the world energy production through 
1 enewable sources. Due to the availability of solar power throughout the world and almost 
maintenance free energy production, the grid connected solar PV system have gained 
increased importance. For harnessing bulk power from the solar photovoltaic (PV) cell/ array 
and to supply it to the utility grid, dc to ac inverters are needed. 
Interfacing inverters with PV module as the dc source with the grid involves two 
major tasks. One is to ensure that the PV module is being operated and delivering power at 
tlie maximum power point (MPP). For this purpose, dc-to-dc converters are generally 
employed utilising the various maximum power point tracking (MPPT) algorithms. This adds 
lo the cost of the overall system which increases with the increase in system size. Moreover, 
an additional stage of conversion (dc-to-dc) increases the switching loss and decreases the 
overall efficiency of power conversion. 
The other task is to supply power with a sinusoidal current into the grid. The 
conventional line commutated ac-to-dc converter/ inverter has square shaped line current 
which contains higher order harmonics. Moreover, it requires a costly and bulky dc 
inductor/choke. The line current with the high harmonic contents generates electromagnetic 
interference (EMI) to neighbouring communication, aviation and computer network and it 
causes more heating of the core of distribution/ power transformers. Alternatively, PWM 
based inverters using MOSFET/ IGBT switches can be used for the above purpose. However, 
apart from higher switching losses, the power handling capability and reliability of these 
devices are quite low in comparison to thyristors/ SCR. While a thyristor based forced 
commutated inverter are not suitable for PWM applications due to the problems of 
commutation circuit. Therefore, a pure sinusoidal line current or line current waveform with 
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low harmonic contents is most desirable in the conversion of very high power (several 
hundred MW) from dc to ac. 
As the size (power capacity) of renewable energy based power plants are increasing 
day-by-day, therefore thyristors based dc-to-dc conversion system is getting more attention. 
The present thesis describes various topologies for grid interactive dc-to-ac inverter to 
eliminate the shortcomings of the conventional phase controlled dc-to-ac inverter by 
improving the wave shape of the line current and by eliminating the use of a dc-to-dc 
converter for MPPT applications. Thorough analysis for each topology has been done with 
simulation models developed in MATLAB/ Simulink simulation environment. Both simple 
IJ.JT based trigger circuits are used and microcontroller based dedicated controller circuits are 
developed to operate the proposed inverters. Different prototypes have been developed to 
\alidate the simulation work. It includes simulation and realisation by PIC16F 877A 
microcontroller based circuits. Proteus VSM simulation software is used to simulate different 
microcontroller based circuits. 
The details of work carried out and covered in this thesis are listed below: 
1. Development of the real time simulation models of two discontinuous phase 
control based dc-to-ac grid interactive inverter topologies (with and without 
transformer) with a constant voltage dc source (battery) in MATLAB/ Simulink. 
2. Development of software for PIC 16F877A microcontroller for switching pulse 
generation incorporating zero crossing detection and discontinuous phase control 
implementation in the proposed grid interactive inverters. 
3. Realisation of an analog as well as PIC 16F877A microcontroller based 
experimental prototype for the above grid interactive inverters. 
4. Development of a thyristor based two-stage grid interactive inverter topology with 
battery as a dc source and a real time simulation model in MATLAB/ Simulink. 
XV 
5. Development of software for PIC 16F877A microcontroller for switching pulse 
generation for two-stage grid interactive inverter, incorporating zero crossing 
detection. The software is tested with PIC 16F877A microcontroller in Proteus 
VSM environment. 
6. Realisation of an analog as well as a PIC 16F877A microcontroller based 
prototype for two-stage grid interactive inverter. 
7. Development of a thyristor based three-stage grid interactive inverter topology 
with battery as a dc source and a real time simulation model in MATLAB/ 
Simulink. 
8. Development of software for PIC 16F877A microcontroller for switching pulse 
generation for proposed three-stage grid interactive inverter, incorporating zero 
crossing detection. The software is tested with PIC 16F877A microcontroller in 
Proteus VSM. 
9. Development of an analog as well as a PIC 16F877A microcontroller based 
prototype for three-stage grid interactive inverter. 
10. Development of a real time PV cell model in MATLAB/ Simulink, incorporating 
the effect of parameter and environmental conditions (insolation and temperature) 
on the i-v characteristics of the PV cell which is extended to model a solar PV 
module and a solar PV array. 
11. Development of a real time simulation model in MATLAB/ Simulink for 
discontinuous phase control based solar PV grid interactive inverter topologies. 
12. Development of control algorithm for maximum power point tracking (MPPT) for 
discontinuous phase control based solar PV grid interactive inverter topologies. 
The software is tested with PIC 16F877A microcontroller in Proteus VSM. 
XVI 
13. Development of prototype of discontinuous control based solar PV grid interactive 
inverter with inbuilt MPPT feature without the use of a separate dc-to-dc 
converter for MPPT realisation. 
14. Development of a real time simulation model in MATLAB/ Simulink for solar PV 
based two-stage grid interactive inverter topologies. 
15. Development of control algorithm for maximum power point tracking (MPPT) in 
two-stage solar PV based grid interactive inverter. The software is developed for 
the testing of control algorithm with PIC 16F877A microcontroller in Proteus 
VSM. 
16. Development of prototype of two-stage solar PV based grid interactive inverter 
with inbuilt MPPT feature without the use of a separate dc-to-dc converter for 
MPPT realisation. 
17. Development of a real time simulation model in MATLAB/ Simulink for solar PV 
based three-stage grid interactive inverter topologies. 
18. Development of control algorithm for maximum power point tracking (MPPT) in 
three-stage solar PV based grid interactive inverter. The software is developed for 
the testing of control algorithm with PIC 16F877A microcontroller in Proteus 
VSM. 
19. Development of prototype of three-stage solar PV based grid interactive inverter 
with inbuilt MPPT feature without the use of a separate dc-to-dc converter for 
MPPT realisation. 
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/ = Line current in A. 
E = Battery voltage in Volts. 
L = Inductance in mH. 
C = Capacitance in microfarad. 
R = Resistance in ohm. 
UJT = Uni junction transistor. 
Ti, T2 = Thyristor in upper and lower leg of centre tap transformer. 
Ipv = Solar cell current in A. 
Iph = Photo current at reference temperature in A. 
Id = Diode current in A. 
Vd = Diode Voltage in Volts. 
Vpv = Solar cell voltage in Volts. 
q = Electronic charge in Coulumb. 
k = Boltzmann constant. 
lo = Reverese saturation current in A. 
n = Ideality factor. 
V 
Rs = Series Resistance in—. 
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V 
Rp = Parallel Resistance in—. 
A 
Eg = Band Gap Energy. 
AI = Change in PV current. 
AV - Change in PV voltage. 
ki, k2, k^, k^ = Best fit curve constants. 
Voc = Open circuit PV voltage. 
Isc = Short circuit PV current. 
^mpp = P^ ceii Voltage at maximum power point. 
^mpp - PV c^ ^^  current at maximum power point. 
Li 2 = Inductace of upper and lower leg of centre tapped transformer. 
Ci 2 = Capacitance used with PV array of upper and lower leg of centre tapped 
transformer. 
yac.rms = Grid voltage. 
T 
— = Transformer ratio. 
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1. Introduction 
1.1 Background 
The continuously increasing energy consumption has increased the environmental 
pollution due to the fossil fuel based power generation. The alternative sources of energy 
(solar, wind etc.) are being harnessed to mitigate the environmental pollution. However, the 
renewable energy based systems suffer from the drawback of non-reliability; the power input 
is not controllable, thereby having a negative impact on power availability, quality and 
security. One of the solutions for overcoming the problem is the Distributed or dispersed 
Generation (DG) system [1-3]. DG systems using renewable energy sources like solar, wind 
or hydro have the advantage of producing power in close proximity to where it is consumed. 
There by eliminating the losses due to transmission lines [3]. For the sake of availability of 
power supply reliable, it is connected to grid. The Kyoto agreement on global reduction of 
greenhouse gas emissions has prompted renewed interest in renewable energy system 
worldwide. Many renewable energy technologies today are well developed, reliable, and cost 
competitive with the conventional ftiel generators. The cost of renewable energy technologies 
is on a falling trend as demand and production increases [4, 5]. Renewable energy sources 
include solar, wind, biomass and tidal power. 
There are two types of the renewable energy system: stand-alone power system and 
grid-connected power system [1]. Both systems have several similarities, but are different in 
terms of control functions. The stand-alone system is used in off-grid application with battery 
storage. Its control algorithm must have an ability of bidirectional operation, which is battery 
charging and inverting [7]. The grid-connected system, on the other hand, converts dc into ac 
and supplies electrical energy directly to power grid [8, 9]. 
The National Solar Mission is a major initiative of the Government of India and State 
Governments to promote ecologically sustainable growth while addressing India's energy 
security challenge. It will also constitute a major contribution by India to the global effort to 
meet the challenges of climate change. As a result of the National Solar Mission and the 
successful completion of the first stage by end of 2011, it is expected that solar PV based 
power plants will become an exciting business opportunity. While power production through 
solar energy is possible using both solar thermal (using the heat in the sunlight) and solar 
photovoltaic (using the light energy), electricity generation worldwide is more prominent 
through solar PV than through solar thermal. This trend is expected to continue in India as 
well [11]. 
Grid-connected solar PV systems currently dominate the PV market, especially in 
Europe, Japan and USA. For example, in 1990 only 27% of the cumulative installed PV 
capacity was connected to the grid, but by the end of 2007 this percentage increased to more 
than 90%. As shown in Fig. 1.1, at the end of 2008 the Global cumulative capacity was just 
below 15 GW of installed PV, out of which 9 GW, representing 65% is installed in Europe, 
followed by Japan with 2.1 GW and USA with 1.2 GW. This European market boom in 2008 
is a result of the 2.5 GW of installation in Spain and the 1.5 GW in Germany. Regarding the 
total PV installations, Germany is still leading with 5.3 GW, with Spain nearing second place 
with a total of 3.2 GW, followed by Japan with 2.1 GW and the USA with only 1.2 GW. In 
2010, the top five countries by PV market size were Germany, Italy, Czech Republic, Japan, 
and the United States—representing over 80% of global demand. European countries 
represented 14.7 GW, or 81% of world demand in 2010 [10]. 
The solar energy has several advantages for instance clean, unlimited energy and its 
potential to provide sustainable electricity in area not served by the conventional power grid. 
Nevertheless, a photovoltaic (PV) system is still much more expensive than traditional energy 
sources, due to the high manufacturing costs of PV panels, but the energy that drives them, 
the light from the sim, is freely available almost everywhere [3-6]. Additional advantage of 
PV technology is that it has no moving parts. Therefore, the hardware is very robust. It has a 
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Figure 1.1 Increase in Global cumulative PV power installed per Region [10]. 
long lifetime and low maintenance requirements. And, most importantly, it offers 
environmentally friendly power generation. The solar energy produces dc power, and hence 
power electronics and control equipments are required to convert dc power into ac. 
1.2 Motivation of the thesis 
Interfacing inverters with PV modules as the dc source with the grid or DG system 
involves two major tasks. One is to ensure that the PV modules are operated at the maximum 
power point (MPP). The other is to inject a sinusoidal current into the grid [12-16]. 
Conventional inverters utilising thyristors as switching device have square wave line current 
and thus have high harmonic content. Moreover operating the PV modules at MPP require an 
additional dc-to-dc converter circuit which increases the cost and decreases the efficiency of 
the overall system. The present work describes elimination of the shortcomings of a 
conventional inverter with different circuit topologies and control schemes by improving the 
wave shape and by removing the use of a dc-to-dc converter for the maximum power point 
tracker (MPPT). 
1.3 Components of solar PV grid inverter system. 
Main components of a solar PV based grid interactive inverter system are shown in 
figure 1.3. 
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Figure 1.3 Components of a grid interactive inverter. 
1.3.1 Solar PV array 
A photovoltaic (PV) generator is a device that generates electrical energy as a result 
of the photovoltaic effect. The photovoltaic effect is the electrical potential developed 
between two semiconductor materials when their common junction is illuminated with 
radiation of photons [17-18], The basic building element of a PV generator is the PV cell, 
also referred here as a solar cell. A typical solar cell generates less than 2 W at approximately 
0.5 V. Therefore, in order to obtain an adequate output voltage for practical applications 
several cells are connected in series to form a PV panel. Commercially available PV panels 
may have peak output power ranging from a few watts to more than 300 W at voUages 
ranging from 12 V to 48 V. Grid-connected PV applications often require higher voltages and 
currents than the ones available in a PV panel. In this case, PV panels must be connected into 
arrays. Series connections of PV panels result in higher voltages, while parallel connections 
result in higher currents. The number and configuration of the elements of a PV array vary 
depending on the overall system's requirements [19-20]. 
1.3.2 PV inverters 
PV inverter systems connected to the low voltage grid have an important role in 
distributed generation systems. In order to keep up with the current trends regarding the 
increase in PV installations, PV inverters should have the following characteristics [3]: 
• Low cost 
• Small weight and size, due to residential installations 
• High reliability to match with that of PV panels 
• High efficiency 
• Be safe for human interaction 
The following section gives a brief account of the classification of grid interactive inverter 
topologies as available in literature [13-16], [21]. 
1.3.2.1 Central inverters 
Centralized inverters interface a large number of PV modules to the grid (figure 1.3.2.1 
(a)). The PV modules are divided into series connections (called a string), each generating a 
sufficiently high voltage to avoid fiirther amplification. These series connections were then 
connected in parallel, through string diodes, in order to reach high power levels. At first, line 
commutated thyristor based inverters were used for this purpose. These were slowly replaced 
by force commutated inverters using IGBT's. However, there are disadvantages associated 
with central inverter scheme. There is a need for high-voltage DC cables between PV panels 
and inverter. There are power losses due to common MPPT and module mismatch. Moreover 
there are losses in the string diodes and the reliability of the whole system depends on one 
inverter [13, 14, 16]. 
1.3.2.2 String inverters 
The present technology consists of the string inverters and the modules. The string 
inverter, shown in figure 1.3.2.2 (b), is a reduced version of the centralized inverter shown in 
figure 1.3.2.2 (a), where a single string of PV modules is connected to the inverter. The input 
voltage may be high enough to avoid voltage amplification. The possibility of using fewer 
PV modules in series also exists, if a dc-dc converter or line-frequency transformer is used 
for voltage amplification. There are no losses associated with string diodes and separate 
MPPT's can be applied to each string. This increases the overall efficiency compared to the 
centralized inverter, and reduces the price, due to mass producfion [15,16]. 
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Figure 1.3.2.2 (a) central inverter and (b) string inverter 
1.3.2.3 Module integrated inverters 
It removes the mismatch losses between PV modules since there is only one PV 
module, as well as supports optimal adjustment between the PV module and the inverter and, 
hence, the individual MPPT. It includes the possibility of an easy enlarging of the system, 
due to the modular structure. On the other hand, the necessary high voltage-amplification 
may reduce the overall efficiency and increase the price per watt, because of more complex 
circuit topologies. On the other hand, the module integrated inverter is intended to be mass 
produced, which leads to low manufacturing cost and low retail prices. The present solutions 
use dc-ac inverters, using IGBT or MOSFET [15,16]. 
1.3.2.4 Multi-string inverters 
Multi-String inverters have recently appeared on the PV market. They are an 
intermediate solution between String inverters and Module inverters. A Multi-String inverter, 
shown in figure 1.3.2.4 (b), combines the advantages of both String and Module inverters, by 
having many DC-DC converters with individual MPPT's, which feed energy to a common 
DC-AC inverter. This way, no matter the nominal data, size, technology, orientation, 
inclination or weather conditions of the PV string, they can be connected to one common grid 
connected inverter. The Multi-String concept is a flexible solution, having a high overall 
efficiency of power extraction, due to the fact that each PV string is individually controlled 
[16]. 
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1.3.3 Multi stage inverters 
Off late multi stage inverter topology has received attention for power conversion (dc-
to-ac). Advantages of the multi stage inverter (MSI) include: 
1) The multilevel structures can ensure even voltage sharing, both statically and dynamically, 
among the active switches while it is difficult for a two-level inverter with a series connection 
of switches to do so. 
2) A substantial reduction in size and volume is possible due to the elimination of the bulky 
coupling transformers or inductors and 
3) Multi stage inverters can offer better line current waveforms with less harmonic content 
and, thus, can significantly reduce the size and weight of passive filter components [22-26]. 
1.3.4 Maximum power point tracker 
Maximum power point tracking techniques are used in photovoltaic systems to 
maximize the PV array output power by tracking continuously the MPP which depends on 
panel's temperature and irradiance conditions. PV array under uniform irradiance exhibits a 
current-voltage characteristic with a unique point, called the maximum power point (MPP), 
where the array produces maximum output power. Since the i-v characteristic of a PV array. 
and hence its MPP, changes as a consequence of the variation of the irradiance level and of 
the panel's temperature, it is necessary to track continuously the MPP in order to maximize 
the power output from a PV system, for a given set of operating conditions. MPPT is not a 
mechanical tracking system that "physically moves" the modules to make them point more 
directly at the sun. It is a fully electronic system that varies the electrical operating point of 
the modules so that the modules are able to deliver maximum available power. MPPT can be 
used in conjunction with a mechanical sun tracking system, but the two systems are 
completely different [27-51]. 
The issue of maximum power point tracking has been addressed in different ways in 
the literature [33]. The conventional MPPT methods are generally categorized into the 
following groups: 
1) perturbation and observation (P&O) methods [41,42]; 
2) incremental conductance methods [50,51]; 
4) microcontroller based methods [46-48]; 
3) miscellaneous (e.g., Dual inverter [35, 36], RCC [43, 45], fuzzy control [49] and voltage 
and current based scheme [38, 39]). 
Fractional open-circuit voltage and short-circuit current [38, 39] strategies provide a simple 
and effective way to acquire the maximum power. However, they require periodical 
disconnection or short-circuit of the PV modules to measure the open-circuit voltage or short-
circuit current for reference, resulting in power loss. Hill climbing and perturb and observe 
(P&O) methods are widely applied in the MPPT controllers due to their simplicity and ease 
of implementation [41, 42]. The P&O method involves a perturbation in the operating voltage 
of the PV array, while the hill climbing strategy introduces a perturbation in the duty ratio of 
the power converter. Nevertheless, steady-state oscillations always appear in both methods 
due to the perturbation. Thus, the power loss may be increased. Incremental conductance 
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(INC) method, which is based on the fact that the slope of the PV array power versus vohage 
curve is zero at the MPP, had been proposed to improve the tracking accuracy and dynamic 
performance under rapidly varying conditions [50, 51]. The steady state oscillations would be 
eliminated in theory since the derivative of the power with respect to the voltage vanishes at 
MPP. However, null value of the slope of the PV array power versus voltage curve seldom 
occurs due to the resolution of digital implementation. Although the INC method is a little 
more complicated compared with the P&O/hill climbing strategy, it can be easily 
implemented due to the advancements of digital signal processors (DSP's) [47]. Moreover, 
fuzzy and neural network methods [49] that focus on the nonlinear characteristics of PV array 
provide a good alternative for the MPPT control. Since the output characteristics of the PV 
array should be well ascertained to create the MPPT control rules, the versatility of these 
methods is limited. Moreover, during the search of a new MPP, the power generation is 
substantially decreased. 
Almost all the methods discussed above utilises a dc-to-dc converter for operation of 
array at MPP. Thus, the cost of the overall system increases and the efficiency decreases due 
to the addition of one stage of conversion. 
1.4 Objective of the thesis 
1. To study and develop various grid interactive inverter topologies with better 
operational characteristics. 
2. To develop a interactive simulation model of a solar PV cell and extend it to include 
module and array in SIMULINK/MATLAB environment to be used with power 
electronic converter. 
3. To study and analyse the performance of solar PV based different grid interactive 
inverter topologies and develop their prototype models. 
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4. To develop a novel microcontroller based MPPT technique to obtain maximum output 
power from solar array in a solar PV based grid interactive inverter system. 
On the basis of the above mentioned objects, the work in the thesis has been divided into six 
chapters. 
Chapter 1 gives a brief introduction to the grid-tie inverter technology, their 
development phase and present trend. The chapter also explores the use of inverter in PV 
power plants and the various parameters underlining the efficient use of solar inverters in 
these plants. 
Chapter 2 describes the discontinuous phase control switching technique applied to 
two novel grid-tie topologies (one with transformer and other without transformer). 
Simulation models for both the topologies have been developed. Power transferred to the grid 
and the THD of line current is studied. Experimental results are provided to validate the 
successful implementation of the proposed topologies. 
Chapter 3 deals with the development and detailed analysis of multi-stage series 
inverter. The advantage of multi-stage inverters over conventional inverter is discussed. The 
proposed topologies have been simulated and prototype developed. 
Chapter 4 deals with developing a simulation model of a PV cell which is extended to 
simulate a PV array, incorporating the real time parameters of a PV array. 
Chapter 5 describes a novel scheme for extracting maximum power from a PV array 
in the proposed grid interactive inverters without using a dc-to-dc converter. The proposed 
combined control scheme for grid interactive inverter including MPPT control is applied to 
discontinuous phase control inverters as well as multi-stage inverter. The simulation model of 
the combined control scheme and practical systems have been developed and tested 
successfully. 
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Chapter 6 concludes the work done during the thesis highlighting the important results 
and suggests future work that can be carried out. 
13 
2. Grid interactive 
inverter topologies 
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2.1 Discontinuous phase control grid interactive inverter 
Power electronic converters and controllers are extensively used for different types of 
domestic, agricultural and industrial applications. Ac-to-dc converters are widely used for the dc 
voltage and power control e.g. charging of batteries in inverters, UPS or cell-phones; speed 
control of dc motors etc. A conventional thyristor or power semiconductor device based ac-to-dc 
converter, with a dc source and an inductor or highly inductive load at the load side, operates in 
inversion mode when the switching angle exceeds 90°. Thus power flow takes place from dc 
source to ac grid. These ac-to-dc converters are also called controlled rectifiers. The average 
power flow through them is unidirectional as well as bi-directional [52]. 
However, the conventional thyristor based converters or rectifiers introduce substantial 
higher-order harmonics in the line current. This is the main drawback of these converters. Due to 
an inductor at the load side, there is very small ripple in the load current (dc side) and it has 
almost constant magnitude. Therefore, the line current (ac side) has square shape and the total 
harmonic distortion (THD) is very high. It causes electromagnetic interference (EMI) to the 
neighbouring communication networks, computer networks or lines (LAN/ WAN) and 
overheating of the core of distribution transformers. Therefore, in general, due to the presence of 
higher order harmonics in the line current, square wave circuit topology although simple, is not 
commonly adopted for dc-to-ac power inversion and to feed power tapped from various energy 
sources to ac grid. Moreover, in this case, the load current is high but its ripple is very small. 
Therefore, the magnitude of magnetic-field intensity (H) in inductor remains high (with small 
variation due to small current ripple). As the load current (hence H) does not go back to zero 
level, therefore, no resetting of core takes place and the core offers very low effective 
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inductance. Thus a bulky inductor is required at the load or dc side. It increases the cost, size and 
weight of the conventional dc-to-ac inverter. 
In the present work, discontinuous phase control switching technique [53], is extended 
for a new dc-to-ac, grid-tie inverter using two topologies, first one utilises a centre-tapped 
transformer and the other has a transformer less connection. Instead of one inductor and one dc 
source at load side or dc side (as in case of a conventional full-wave, dc-to-ac controlled 
rectifier), here two branches are put at load side or dc side, where each branch consists of one 
inductor and one dc source. The thyristors are switched using a controller circuit. One thyristor 
with an inductor and a dc source forms a positive load branch and it is switched in positive-half 
cycles of ac grid only. Similarly, another thyristor with another inductor and another dc source 
forms a negative load branch and it is switched in negative-half cycles of ac grid only. The dc 
side load current which flows in each load branch is a half-wave and discontinuous current. 
Therefore, wide variation of magnetic-field intensity (H) hence flux or flux-density (B) takes 
place. The variations in B and H complete half of the B-H loop. In this way it is different from 
the conventional dc-to-ac converters, where only unidirectional, continuous current of almost 
constant magnitude flows in inductor at dc side which set up only unidirectional, high and almost 
constant magnitude of H in the core. At high value of H, with almost constant magnitude, the 
slope on B-H is small. The effective inductance also becomes small which is proportional to the 
slope on B-H curve. Therefore, for a dc load current, the size of inductor increases enormously 
which increases cost, size, weight and losses in the inductor. Here, since partial reset or reversal 
of flux in B-H loop takes place due to half-wave dc current of the inductor windings, therefore 
the effective inductance becomes high. Moreover, in the proposed topologies, the effective 
inductance of the inductor increases thus cost, size, weight and losses in the inductors reduce. 
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The controller supplies the required switching signals to the relevant thyristors and 
ultimately controls the real power flow to the ac grid and the overall performance of the dc-to-ac, 
grid interactive inverter improves. 
2.2 Topology 1 (With centre tapped transformer) 
A full-wave converter circuit with RLE load works in two modes of operation i.e. 
rectification mode and inverter mode (figure 2.2(a)). It works in inversion mode when the 
switching angle is greater than 90. When the circuit works in inverter mode, the dc source 
transfers power to the ac source. Here, a new circuit topology is proposed as shown in figure 
2.2(b). The major advantage of the proposed configuration is that in discontinuous mode of 
operation, the waveform resembles a sinusoidal wave with low harmonic contents. Moreover, the 
proposed configuration is suitable for solar PV based power generation utilizing modular 
connection of solar PV panel. 
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Figure 2.2 (a) Conventional RLE load in inverter mode (a > 90°) and (b) A new ac-to-dc controlled inverter circuit 
topology. 
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Each load branch is connected between one terminal of the secondary winding and 
central tapping of the centre-tapped transformer. Although the current through the half winding 
of the secondary side of the centre-tapped transformer is discontinuous and its shape is like a 
half-wave sinusoidal current, but the net line current on the primary side of the centre-tapped 
transformer or ac grid becomes continuous. Thus, THD of the line current of ac grid becomes 
very low, contrary to the conventional thyristor based dc-to-ac inverters, where due to constant 
magnitude load current, the line current has almost square-shape and THD remains high. 
2.3 Analysis of Topology 1 
In general, the load current can be either continuous or discontinuous. In the case of 
continuous current operation, some part of current of both thyristors overlaps. It depends upon 
load voltage (PV voltage which depends on insulation and temperature), phase angle of load or 
inductor ((j)) and the switching angle. In the case of discontinuous current operation, the 
waveform of load current depends upon both the switching angle and load circuit parameters. 
The output waveform of current resembles more of a sine wave. When the switching angle, a of 
these thyristors are controlled suitably, the circuit in figure 1 works as two independent inverters. 
The dc source transfers power to the ac grid. The major advantage of the above configuration is 
that in discontinuous mode of operation, two independent inverters shape the line current. Thus, 
the real power flow takes place from dc source to ac grid through the centre-tapped transformer, 
with the line current wave shape close to sinusoidal and THD reduces drastically. 
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2.3.1 Discontinuous Mode 
In the positive half cycle the thyristor; Ti is triggered at an angle 'a'. The conduction 
diagram of thyristor Ti is shown in figure 2.3.1. Ideally, there should be lossless inductor but 
practical inductors are not lossless. Therefore, a series resistance is also incorporated in the 
proposed circuit. During negative half cycle the thyristor, T2 is triggered at an angle 'TC + a'. The 
conduction diagram of thyristor T2 is shown in figure 2.3.2. Positive half cycle sees energy 
transfer to the grid from dc source E in the positive branch. Negative half cycle sees energy 
transfer to the grid from dc source E in the negative branch. 
GRID( V J J 
Figure 2.3.1 Conduction diagram of topology 1 during positive half cycle. 
. . .o o—J 
Figure 2.3.2 Conduction diagram of topology 1 during nagative half cycle. 
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The expression of the line current is given by 
L^+£/? = Vmcos((ot) + E (2.1) 
For cot = 0 and m = —, it gives, 
Vm 
i, = c o s ( 0 - , p ) + ^ ^ ^ * f 1 - e '3"(*'5 1 - cos((p -a)*e tan {(p) (2.2) 
For conduction of T2 in negative half cycle, the expression of line current is given by 
-(e-a-7r)s 
t2 = - cos(0 - (p -n) —- * 11 - e ^^"'•f^ ] + cos(^ - a) * e 
- (e-g-TT) 
tan (<p) (2.3) 
The net line current, / is equal to ii+i2 which may be continuous or discontinuous. 
2.4 Simulation of topology 1 in MATLAB/Simulink 
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Figure 2.4.1 Simulink model for topology 1 
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Simulink model for topology 1 is shown in figure 2.4.1. Resistance is included in series 
with the inductor to simulate the real inductor. The value of inductance is 0.05 H. The series 
resistance is 0.2 ohms. The centre tap transformer has a ratio 230 V:: 150-0-150 V. Switching 
pulses are given from pulse generator block set of Simulink library. For a practical circuit these 
pulses need to be synchronized with the grid voltage waveform and pulses should be generated 
(with delay) at every zero crossing of the grid voltage. The dc battery voltage is varied and 
reading taken for three different battery voltages (24 V, 36 V, 48 V). For each battery voltage 
the switching angle is varied from 105° to 165° and power transfer and THD for different 
combination of switching angle is noted. The variation is shown in table 2.4.1 through table 
2.4.3. Line current waveform with harmonics for switching angles 120° and 150° are shown in 
figure 2.4.2 and figure 2.4.3. 
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Figure 2.4.2 Line current with harmonic contents in grid interactive inverter system with centre tap transformer. 
Switching angle is 120 degrees and battery voltage is 48 V. 
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Figure 2.4.3 Line current with harmonic contents in grid interactive inverter system with centre tap transformer. 
Switching angle is 150 degrees and battery voltage is 48 V. 
Table 2.4.1 Power transfer to grid and THD of line current with different switching angle combinations. The battery 
voltage is 24 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Switching angle 
(degrees) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
Power (Watts) 
-106.4 
-94.76 
-81.06 
-68.61 
-56.25 
-45.01 
-35.71 
-27.37 
-20.27 
-14.36 
-9.64 
-6.03 
-3.4 
-1.62 
THD 
3.8 
9.7 
16 
22.31 
29.15 
36.42 
44.17 
52.62 
62.27 
73.16 
86.27 
102.8 
126 
166 
Line Current 
(A) 
4.58 
4.03 
3.49 
2.98 
2.51 
2.08 
1.69 
1.34 
1.03 
0.77 
0.55 
0.37 
0.23 
0.12 
22 
Table 2.4.2 Power transfer to grid and THD of line current with different switching angle combinations. The battery 
voltage is .36 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Switching angle 
(degrees) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
Power (Watts) 
* 
* 
-156.4 
-131.1 
-111.8 
-90.29 
-71.57 
-56.11 
-42.19 
-30.92 
-21.72 
-14.45 
-8.88 
* 
THD(%) 
8.7 
15.04 
21.24 
28.48 
36.09 
43.94 
52.83 
62.6 
73.89 
87.43 
104.5 
Line Current 
(A) 
4.07 
3.51 
3 
2.51 
2.06 
1.66 
1.31 
1 
0.74 
0.52 
0.35 
Table 2.4.3 Power transfer to grid and THD of line current with different switching angle combinations. The battery 
voltage is 48 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
* Continuous Cone 
Switching angle 
(degrees) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
uction 
Power (Watts) 
* 
* 
* 
-210.4 
-190 
-154.1 
-123.6 
-98.15 
-75.6 
-56.94 
-41.11 
-28.47 
* 
* 
THD(%) 
8.6 
13.2 
20.3 
27.5 
35.3 
43.6 
52.6 
62.7 
74.4 
Line Current 
(A) 
4.07 
3.55 
2.99 
2.49 
2.04 
1.64 
1.29 
0.98 
0.71 
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Figure 2.4.4 Power transferred to grid versus switching angle for topology 1. 
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Figure 2.4.5 THD of line current versus switching angle for topology 1. 
2.5 Experimental Results 
The experimental setup is shown in figure 2.9.3. UJT based triggering circuit as shown in 
figure 2.5.1 is designed to generate synchronized switching pulses. TYN 612 (thyristor) is used 
in the circuit for topology 1. The battery voltage is 12 V. The centre tapped transformer ratio is 
230 V:: 50-0-50 V. 
24 
220::12-0-12 
IN540 
W t 
IN540 
Figure 2.5.1 Circuit diagram of the UJT based triggering circuit. 
The low rating experimental prototype has been developed to study the variation of 
power transferred to the grid and THD of the line current. Table 2.5 compares the experimental 
result with that of simulated result. They are in close proximity. Figure 2.5.2 to figure 2.5.5 
shows line current waveform along with harmonics for various switching angle combination. 
Table 2.5 Comparison of Experimental and Simulated data 
Sl.no. 
1. 
2. 
3. 
4. 
Firing 
angle 
(ms) 
6.8 
7.4 
8 
8.6 
Firing 
angle 
(degrees) 
122 
133 
144 
155 
Power (W) 
Simulated 
-15.98 
-11.11 
-6.92 
-3.8 
Power (W) 
Practical 
-14 
-9 
-6 
-3 
THD(%) 
Practical 
19.4 
22.6 
39.7 
48.3 
THD(%) 
Simulated 
15.16 
24.48 
40.06 
58.89 
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Figure 2.5.2 (a) Blue wave form is the line current (switching angle=155 degree) with reduced grid voltage (red 
waveform) (b) Hannonics in line current. 
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Figure 2.5.3 (a) Blue wave form is the line current (switching angle=144 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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Figure 2.5.4 (a) Blue wave form is the line current (switching angle=133 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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Figure 2,5.5 (a) Blue wave form is the line current (switching angle=122 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
2.6 Topology 2 (Without transformer) 
Without transformer topology for grid interactive inverter is shown in Figure 2.6. The 
thyristor, a dc source and an inductor, form a positive load branch. Similarly, the thyristor, 
another dc source and another inductor form a negative load branch. The controller circuit 
supplies switching signals to each thyristor of the positive load branch and negative load branch, 
in each positive half cycle and negative-half cycle, respectively. In the positive-half cycle the 
thyristor is switched at an angle of the ac voltage wave, say a. Thus, the thyristor of the negative 
load branch is switched at angle [180°+ a]. A half-wave current flows through each load branch. 
Therefore, the line current or net current into the grid is the sum of these half-wave load currents, 
resembling a sine wave. 
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Figure 2.6 Topology 2, without transformer Connection for grid interactive inverter. 
2.7 Analysis of Topology 2 
In figure 2.7.1, arrow shows the flow of current in positive half cycle of grid voltage 
waveform. In the positive half cycle, thyristor Ti is triggered at an angle greater than 90°. In the 
negative half cycle flow of current is shown in figure 2.7.2. The equations governing the flow of 
current in discontinuous mode in without transfomier configuration are same as equations (2.1)-
(2.3). 
Figure 2.7.1 Conduction diagram of topology 2 during positive half cycle. 
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Figure 2.7.2 Conduction diagram of topology 2 during negative half cycle. 
2.8 Simulation of topology 2 in Simulink 
Simulink model for topology 2 is shown in figure 2.8.1. Resistance is included in series 
with the inductor to simulate the real inductor. The value of inductance is 0.01 H. The series 
resistance is 0.2 ohms. Triggering pulses are given from pulse generator block set of simulink 
library. For a practical circuit these pulses need to be synchronized with the grid voltage 
waveform and pulses should be generated (with delay) at every zero crossing of the grid voltage. 
The dc battery voltage is varied and reading taken for three different battery voltages (12 V, 24 
V, 36 V). For each battery voltage the switching angle is varied from 105 degrees through 150 
degrees and power transfer variation and THD for different combination of switching angle as 
shown in table 1. Line current waveform with harmonics for two different switching combination 
is shown in figure 2.8.2 and figure 2.8.3. 
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J THD signal 
Total Harmonic 
Distorsion 
Figure 2.8.1 Simulink model of topology 2 ( Without transformer connection) 
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Figure 2.8.2 Line current with harmonic contents in without transformer grid interactive inverter system. Switching 
angle is 110 degrees and battery voltage is 36 V. 
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Figure 2.8.3 Line current with harmonic contents in without transformer grid interactive inverter system. Switching 
angle is 140 degrees and battery voltage is 36 V. 
Table 2.8.1 Variation of Power and THD with switching angle for different values of battery voltage. 
SL. NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Switching 
Angle 
(degrees) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
Power 
(Watts) 
For 12 V 
dc source 
-7.67 
-11.12 
-14.37 
-13.78 
-13.19 
-12.14 
-10.23 
-8.33 
-6.26 
-4.45 
THD 
For 12 V 
dc source 
14.4 
20.32 
26.34 
32.93 
39.92 
47.53 
55.92 
65.42 
76.52 
89.91 
Power 
(Watts) 
For 24 V 
dc source 
-96.33 
-83.33 
-79.27 
-68.71 
-55.01 
-45.59 
-36.6 
-28.7 
-21.27 
-15.18 
THD 
For 24 V 
dc source 
10.59 
15.6 
21.91 
28.21 
34.81 
42.09 
50.09 
58.94 
69.11 
81.49 
Power 
(Watts) 
For 36 V 
dc source 
-209.8 
-177.6 
-157.8 
-133.3 
-113.6 
-93.78 
-73.61 
-57.22 
-43.88 
-31.38 
THD 
For 36 V 
dc source 
5.3 
11.37 
17.29 
23.2 
30.08 
37.06 
44.47 
52.48 
62.81 
73.58 
31 
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Figure 2.8.4 Power transferred to grid versus switching angle for topology 2. 
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Figure 2.8.5 THD of line current versus switching angle for topology 2. 
Table 2.8.2 Comparison of Experimental and Simulated data 
SI. No. 
1. 
2. 
3. 
4. 
Switching angle 
(degrees) 
118 
123 
135 
145 
Power (watts) 
Simulation 
-14 
-11 
-8 
-4 
Power (watts) 
practical 
-15.7 
-12.84 
-9.43 
-5.27 
THD 
Simulation 
25.8 
30.4 
52.9 
65.4 
THD 
practical 
29.6 
35.6 
60.0 
73.4 
32 
Tek JL 
t' 
dl/dt 206AA 
I Ttig'd MPoK4.il00m» CURSOR T e k J L 
A 
^«#*M 
CHJ 100A M 5.00ms 
3-Jun-1113:23 
(a) 
f 
Type 
Source 
^ I 1 :;f.A 
Cutset 1 
-20 6ms 
41 t-2"H: 
:H2 
D Trig'd M Pot: I'fflOms Karmonics 
THO-F . Ib ' f 
mA THD-R .".J% 
Harmonic m 
Freq 50J)Hz %Fund lOftOX 
hRMS 600.3nnA (^  0.00° 
I 
5 A •=< f. • f ^ I f 11 i:' 
C H : SiiOroAS M10J]ms 
3-Jun-1113-.23 
(b) 
Source 
Setup 
Sho« 
Save 
Hatmonic; 
HMOOOOCSV 
Figure 2.8.6 (a) Blue wave form is the line current (switching angle=l 18 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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Figure 2.8.7 (a) Blue wave form is the line current (switching angle=123 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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Figure 2.8.8 (a) Blue wave form is the line current (switching angle=155 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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Figure 2.8.9 (a) Blue wave form is the line current (switching angle=165 degree) with reduced grid voltage (red 
waveform) (b) Harmonics in line current. 
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2,9 Microcontroller based grid interactive inverter 
Topology 1 and Topology 2 has been implemented using PIC 16F877A microcontroller. 
Figure 2.9.1 shows the circuit arrangement for microcontroller based implementation of above 
topologies. 
Micro 
Controller 
PIC16F877A 
« DRIVER 
CIRCUIT 
(MOC 3020) 
(a) 
T 1 
-I 
Acrrv; 
r 
Micro 
Controller 
PIC 16F877A 
DRIVER 
CIRCUIT 
(MOC 3020) 
•^h 
(b) 
Figure 2.9.1 Microcontroller based implementation of (a) Centre tapped grid interactive inverter (b) without 
transformer Grid interactive inverter. 
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START 
INCLUDE FILES OF PIC 16F877A 
INITIALISE USER DEFINED REGISTERS 
INITIALISE THE DATA DIRECTION OF 
PORTS AND THE INTERRUPT 
REGISTERS 
GOTO $ (WAIT) INTERRUPT 
CLEAR INTF BIT 
OF INTCON 
7 
RETFIE 
Z'INTERRUPTN 
( SERVICE ) 
V ROUTINE J 
CLEAR INTF BIT OF INTCON 
CALL DELAY FOR ALPHA 
CALL DELAY FOR Pi+ALPHA 
RETFIE 
USE TWO REGISTERS (1=1,2)AND STORE 
VALUE CORRESSPONDING TO DELAY 
FOR ALPHA 
DECREASE THE VALUE OF REGISTERI 
USE TWO REGISTERS (i=1,2)AND STORE 
VALUE CORRESSPONDING TO DELAY 
FOR Pi + ALPHA 
DECREASE THE VALUE OF REG1STER1 
Figure 2.9.2 Flowchart to generate triggering pulses for dc-ac grid tie inverter using PIC 16F877A. 
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Figure 2.9.3 Practical arrangement of circuit for microcontroller based dc-ac grid interactive inverter. 
Switching pulses for the thyristors at the desired delay angle have been generated from 
PIC 16F877A microcontroller. These pulses are given to driver circuit shown in figure 2.9.4. 
From the driver circuit, the switching pulses are given to thyristors. 
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Figure 2.9.4 Synchronized pulses generated from PIC 16F877A. 
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2.10 Summary 
Two topologies (with transformer and without transformer) utilizing discontinuous phase 
control technique has been proposed for grid interactive inverter system. A thorough simulation 
analysis by varying switching angle and dc voltage has been done to analyze the variation of 
power transfer and THD. The simulation study has been experimentally verified. With the help 
of simulation an optimum switching angle is found for which the THD in the line current 
becomes minimum. Judicious switching control of thyristor has reduced the THD to as low as 
10%. PIC 16F877A microcontroller based triggering and driver circuit has been developed and 
incorporated in the grid interactive system. With reduced harmonics, low power loss and low 
EMI as compared to conventional square wave inverter, the above topologies can be a better 
replacement in a grid interactive inverter system. 
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3. Multi stage grid interactive 
Inverter 
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3.1 Multi stage Inverter 
Multi stage inverters have drawn increasing attention in recent years, especially in the 
distributed energy resources area. Several renewable energy sources (batteries, fuel cells, solar 
cells, wind turbines or micro turbines) can be easily connected through a multi stage inverter to 
feed a load (off-grid) or interconnect to the ac grid (grid-tie) without voltage balancing 
problems [26, 27]. Multi stage inverter technology is based on the synthesis of the ac voltage 
from several different voltage levels on the dc bus. The output waveforms of multi stage 
inverters are stepped resulting in reduced harmonics compared to a square-wave inverter. As 
the number of voltage levels on the dc side increases, the synthesized output waveform adds 
more steps, producing a staircase wave which approaches the sinusoidal wave with minimum 
harmonic distortion. First commercially available grid connected PV inverters were line 
commutated inverters followed by pulse width modulation inverters, often incorporating 
several stages of power conversion. They are particularly suited for high power applications 
(such as in FACTS) since the need of filters is reduced. Multi stage converter topologies are 
also found suitable for PV applications since due to the modular structure of PV arrays 
different DC voltage levels can easily be provided [22-27]. Almost all the topologies for multi 
stage inverter today uses low power handling capability devices (e.g. IGBT's, MOSFET's, 
GTO's etc.). Their cost increases exponentially for higher power rating. Losses at high 
frequency operation, associated with these devices make them less reliable than thyristor based 
inverters [22-23], [27]. 
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3.2 Proposed multi stage grid tie inverter topology 
In the present work, a novel multi stage inverter topology has been proposed as shown 
in figure 3.1. It is a thyristor based multi stage converter which is operated in inversion mode 
(i.e. average power is transferred to the grid). The primary side is connected to the grid. 
MULTI WINDING 
TRANSFORMER 
I line 
AC 
Figure 3.1.1 Proposed multi stage grid interactive inverter 
In the secondary side, a number of centre-tapped connections (1, 2, 3,.., N) are provided to 
obtain stepped type line current waveform. The number of stages and therefore the steps can be 
increased by increasing the number of centre-tapped connections in the secondary side 
terminals of the multi winding transformer. The proposed grid-tie multi stage converter circuit 
works in two modes of operation i.e. rectification mode and inverter mode. It works in 
inversion mode when the switching angle of each of the converter is greater than 90. The 
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circuit has been analyzed and implemented for two as well as three step line current. It can be 
extended to higher steps for better performance. However, the increase of steps adds to the cost 
of converter as more number of secondary windings is required. So, a suitable compromise has 
to be made between the THD of the line current and cost of additional hardware. The major 
advantage of the proposed configuration is that in continuous current mode of operation of 
each converter, the waveform resembles a stepped sinusoidal wave. With suitable selection of 
switching angles the harmonic contents can be reduced drastically without compromising the 
magnitude of power transferred to the grid [54, 55]. 
3.2.1 Control strategy 
In general, the load current can be either continuous or discontinuous. In case of 
continuous current operation, the current through the load does not reduce to zero level. This 
condition depends upon dc source voltage, phase angle of load or inductor {^) and the 
switching angle. 
(a) Two stage control strategy (N=2): For two stage line current, a set of secondary windings with 
center-tap arrangement is required. The pair of thyristors in a center-tap secondary side are 
triggered at a switching angle of ai, a2 and ai+180°, a2+180° respectively. The upper leg 
thyristor (Ti and T2) are triggered at angle greater than 90° for inversion operation. 
Simultaneously, the lower leg thyristors (T3 and T4) are triggered at a delay of 180° with 
respect to the upper leg thyristors. 
(b) Three stage control strategy (N=3): Similar strategy is adopted for three stage line current 
except that one more center-tap winding is added to the circuit. 
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3.3 Two stage Grid tie inverter (N=2) 
Figure 3.3.1 shows a two stage grid tie inverter. It operates in inversion mode when 
switching angle of both the upper leg thyristors in upper leg of centre-tapped winding is kept 
above 90°. The current waveform at the secondary and primary side terminal of the topology is 
shown in figure 3.3.2. The high value of inductor ensures current through the load is 
unidirectional and constant. The conduction diagram for the inversion operation is shown in 
Figure 3.3.3. During the positive half cycle of grid voltage, thyristors Ti and T3 are forward 
biased and in the negative half cycle of the grid voltage, T2 and T4 are forward biased. Ti is 
turned on at t| by firing at a switching angle greater than 90° (for operation in inversion mode). 
T4 was already conducting from the previous cycle due to the high value of inductance at the 
load side (although it is reverse bias). Since T3 is forward biased at ti, it starts conducting when 
triggered at ti and T4 stops conducting as it is reverse biased. At ts, T2 is triggered. The 
negative half cycle of the grid voltage makes T2 forward biased, the current starts flowing 
through T2. At t4, both T2 and T4 are forward biased. T4 is triggered and current flows through 
T2 and T4. 
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TRANSFORMER 
J line 
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3.4 Simulation of two stage grid interactive inverter 
The two stage grid interactive inverter has been simulated in simulink package 
available in MATLAB. The simulation model is shown in figure 3.4.1. The triggering pulses 
are given from the pulse generator block of the simulink library blockset. They are shown in 
figure 3.4.2. The pulses in upper and lower leg thyristors of the centre-tapped windings are 
given at a phase lag of 180°. The value of inductor is 200 mH. Resistance of 0.02 Q is included 
in series of the inductor to simulate a real inductance. The multiwinding transformer ratio is 
230V::50V:50V:50V:50V. The simulation work is basically done to study the variation of 
THD of the line current and average power transferred to the grid with the firing angles. Line 
current with THD and harmonic for a particular case (ai=l 15° and a2=150°) is shown in figure 
3.4.3. 
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3.5 Harmonics and Power transfer analysis 
The THD and Power flow analysis is done for various configuration of switching angles. 
The effect of variation of dc voltage on the THD and the power transfer is also analyzed. A 
battery has been considered as a dc source for simulation as well as experimental analysis. 
Variation of THD and power with switching angle combination for a two stage inverter is shown 
in table 3.5.1 through table 3.5.7. 
Table 3.5.1 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
a 1 (degrees) 
105 
? 
5 
9 
? 
9 
9 
9 
9 
9 
9 
a 2(degrees) 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
Power 
(Watts) 
-7.54 
-9.84 
-10.63 
-11.15 
-11.42 
-11.5 
-11.41 
-11.21 
-10.92 
-10.6 
-10.27 
THD(%) 
31.6 
26.32 
24.2 
22.57 
21.55 
21.24 
21.69 
22.91 
24.83 
27.34 
30.34 
Table 3.5.2 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
a 1 (degrees) 
110 
?) 
53 
55 
55 
a 2(degrees) 
120 
125 
130 
135 
140 
Power 
(Watts) 
-11.39 
-11.19 
-10.8 
-10.25 
-9.59 
THD(%) 
25.86 
22.99 
20.49 
18.61 
17.62 
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6. 
7. 
8. 
9. 
)) 
) j 
5) 
35 
145 
150 
155 
160 
-8.86 
-8.12 
-7.4 
-6.74 
17.7 
19.11 
21.5 
25.01 
Table 3.5.3 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
Si. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
a 1 (degrees) 
115 
3? 
33 
33 
55 
55 
55 
a 2(degrees) 
125 
130 
135 
140 
145 
150 
155 
Power 
(Watts) 
-10.69 
-10.06 
-9.29 
-8.43 
-7.52 
-6.62 
-5.76 
THD(%) 
22.87 
19.83 
17.32 
15.79 
15.71 
17.41 
20.81 
Table 3.5.4 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
a 1 (degrees) 
120 
)> 
55 
55 
5) 
)5 
a 2(degrees) 
130 
135 
140 
145 
150 
155 
Power 
(Watts) 
-9.1 
-8.12 
-7.06 
-5.98 
-4.92 
-4.07 
THD(%) 
18.55 
15.37 
13.39 
13.85 
17.42 
23.2 
Table 3.5.5 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
Si. No. 
1. 
2. 
3. 
4. 
a 1 (degrees) 
125 
35 
55 
53 
a 2(degrees) 
135 
140 
145 
150 
Power 
(Watts) 
-9.1 
-8.12 
-7.06 
-5.98 
THD(%?) 
18.55 
15.37 
13.39 
13.85 
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5. ?? 155 -4.92 17.42 
Table 3.5.6 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
SI. No. 
1. 
2. 
3. 
4. 
a 1 (degrees) 
130 
35 
5) 
)! 
a 2(degrees) 
140 
145 
150 
155 
Power 
(Watts) 
-6.76 
-5.52 
-4.34 
-4.04 
THD(%) 
12.34 
11.03 
15.04 
19.48 
Table 3.5.7 Variation of Power transferred to grid and THD with the following switching angle combination for 
battery voltage = 12 V, Reduced grid voltage =40 V. 
SI. No. 
1. 
2. 
3. 
a 1 (degrees) 
135 
?? 
99 
a 2(degrees) 
145 
150 
155 
Power 
(Watts) 
-4.42 
-4.08 
-3.72 
THD(%) 
12.3 
16.03 
20.78 
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It is evident from Figure 3.5.1, the THD minima has been achieved for triggering configuration 
as (a,=125°, a2=140°), (01=120", 02=140°), (a,= 115°, 02=145°), (ai=110°, O2=140°). Global 
lowest being for (o!=125°, O2=140°) i.e. 11.04%. It can be seen from Figure 3.5.2 that the power 
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transfer increases respectively for the above configurations. Thus, a suitable compromise has to 
be made between the two. For the above configurations, the variation of THD and power with 
the do voltage is studied and it is shown in Figure 3.5.3 and Figure 3.5.4. The negative power 
transfer shows an increasing trend with the dc voltage whereas the THD is lower for smaller dc 
voltage. 
3.6 Experimental Results 
A UJT based triggering circuit has been designed to control the switching angle. The 
angle is controlled by changing the resistance of the potentiometer. 1:1:1 pulse transformer is 
used. The diode arrangement on the two secondary winding is such that to obtain a phase delay 
of 180° between Gi and G2. The diagram for the triggering circuit is shown in figure 3.6.1. 
Multi-winding transformer primary side is rated at 220 V. The secondary has two centre tap 
windings with voltage rating 50-0-50 V each. The primary is fed via autotransformer. The 
autotransformer output voltage is kept at 40V. Graph has been plotted against power and THD 
for varying dc voltage for selected switching angle combinations (shown in figure 3.6.2 and 
3.6.3). Both simulation and experimental results are shown. They are in close Three step line 
current waveform and corresponding harmonics are shown in figure 3.6.4 (a) and figure 3.6.5 (b) 
as seen on oscilloscope for the switching angle combination (ai=110° and a2=140°). The dc 
voltage is 15 V and 40 V respectively. THD in these cases are 22.9% and 19.7% respectively. 
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3.7 Three stage grid interactive inverter (N=3) 
Figure 3.7.1 shows a three stage grid tie inverter. The high value of inductor ensures current 
through it is unidirectional and constant. The current waveform at the secondary and primary 
side terminal of the topology is shown in figure 3.7.2. 
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Figure 3.7.1 Three stage grid interactive inverter 
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Figure 3.7.2 Line current due to each converter and their sum. 
A three stage grid interactive inverter operates in inversion mode when switching angle 
for all the three converters are kept above 90°. The conduction diagram for the inversion 
operation is shown in Figure 3.7.3. During the positive half cycle of grid voltage, thyristors 
Ti,T3 and T5 are forward biased and in the negative half cycle of the grid voltage, T2,T4 and 
Te are forward biased. Ti is turned on at ti by firing at a switching angle greater than 90° (for 
operation in inversion mode). T4 was already conducting from the previous cycle due to the 
high value of inductance at the load side (although it is reverse bias). Since T3 is forward 
biased at ti, it starts conducting when triggered at ta and T4 stops conducting. At ts, T2 is 
triggered The negative half cycle of the grid voltage makes T2 forward biased, the current 
starts flowing through T2. At t4, both T2 and T4 are forward biased. T4 is triggered and 
current flows through T2 and T4. 
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Table 3.7 Variation of power transferred to grid and THD with switciiing angle combination for battery voltage = 48 
V, Reduced grid voltage =40 V. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
a 1 (degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
a 2(degrees) 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
120 
120 
120 
125 
125 
125 
125 
125 
125 
125 
125 
130 
130 
a 3 (degrees) 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
125 
130 
135 
140 
145 
150 
155 
160 
165 
130 
135 
140 
145 
150 
155 
160 
165 
135 
140 
Power 
(Watts) 
-502.9 
-521.7 
-536.7 
-546.7 
-553.8 
-558 
-559.8 
-559.9 
-558.1 
-557 
-555 
-536.8 
-547 
-554.3 
-558 
-558.9 
-558.2 
-555.9 
-552.5 
-549 
-545.6 
-554.5 
-557.9 
-558.4 
-556.5 
-551.7 
-548.1 
-542.8 
-537.5 
-532.8 
-557.8 
-555 
-550.5 
-544.3 
-537.3 
-529.9 
-523 
-517.1 
-549.2 
-541.8 
T H D ( % ) 
29.9 
27.49 
25.3 
23.4 
21.9 
20.8 
20.1 
20 
20.4 
21.37 
22.72 
27.16 
24.7 
22.65 
20.85 
19.45 
18.52 
18.13 
18.29 
18.98 
20.16 
24.7 
22.4 
20.42 
18.76 
17.54 
16.87 
16.73 
17.2 
18.2 
22.8 
20.6 
18.7 
17.32 
16.39 
16 
16.2 
16.9 
21.45 
19.49 
60 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
no 
130 
130 
130 
130 
130 
135 
135 
135 
135 
135 
135 
140 
140 
140 
140 
140 
145 
145 
145 
145 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
120 
120 
120 
125 
125 
125 
125 
125 
125 
145 
150 
155 
160 
165 
140 
145 
150 
155 
160 
165 
145 
150 
155 
160 
165 
150 
155 
160 
165 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
125 
130 
135 
140 
145 
150 
155 
160 
165 
130 
135 
140 
145 
150 
155 
-533.2 
-523.9 
-515 
-506.5 
-499.2 
-531 
-520 
-508.9 
-497.9 
-488.2 
-479.8 
-505.7 
-492.7 
-480.3 
-468 
-459.6 
-476.8 
-462.1 
-449.8 
-439.4 
-547.6 
-554.3 
-557.2 
-557.8 
-557.8 
-551.9 
-547 
-541.5 
-536.1 
-531.3 
-557.2 
-557 
-553.9 
-548.9 
-542.3 
-535.1 
-527.6 
-520.3 
-514.2 
-552.9 
-546.8 
-538.5 
-529.9 
-520.4 
-510.9 
17.9 
16.78 
16.16 
16.12 
16.64 
20.85 
19.2 
17.9 
17.24 
16.99 
17.27 
21.1 
19.9 
19.1 
18.7 
18.79 
22.38 
21.57 
21.1 
21.06 
28.5 
26.19 
24.34 
22.2 
20.72 
19.67 
19.12 
19.07 
19.57 
20.56 
25.8 
23.7 
21.4 
19.68 
18.36 
17.54 
17.21 
17.53 
18.35 
23.42 
21.19 
19.26 
17.72 
16.67 
16.13 
61 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
115 
125 
125 
130 
130 
130 
130 
130 
130 
130 
135 
135 
135 
135 
135 
135 
140 
140 
140 
140 
140 
145 
145 
145 
145 
120 
120 
120 
120 
120 
120 
120 
120 
120 
125 
125 
125 
125 
125 
125 
125 
125 
130 
130 
130 
130 
160 
165 
135 
140 
145 
150 
155 
160 
165 
140 
145 
150 
155 
160 
165 
145 
150 
155 
160 
165 
150 
155 
160 
165 
125 
130 
135 
140 
145 
150 
155 
160 
165 
130 
135 
140 
145 
150 
155 
160 
165 
135 
140 
145 
150 
-502.2 
-494.7 
-537.1 
-526.5 
-515 
-503 
-492 
-481.9 
-473.1 
-511.9 
-498.5 
-484.8 
-471.7 
-460 
-449.9 
-480.4 
-465.4 
-450.8 
-437.7 
-426.8 
-446 
-430 
-415.6 
-403.7 
-555.8 
-551.9 
-545.6 
-537.4 
-528.1 
-518.3 
-508.9 
-499.9 
-492.3 
-544.1 
-534.5 
-523.6 
-511.8 
-499.8 
-488.3 
-477.7 
-468.6 
-521.1 
-507.6 
-493.2 
-479.2 
16.2 
16.83 
21.57 
19.51 
17.85 
16.61 
15.88 
15.76 
16.18 
20.4 
18.66 
17.34 
16.51 
16.21 
16.46 
20.16 
18.84 
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3.8. Results and discussion 
A UJT based triggering circuit has been designed to control the switching angle. The 
angle is controlled by changing the resistance of the potentiometer. 1:1:1 pulse transformer is 
used. The diode arrangement on the two secondary winding is such that to obtain a phase 
delay of 180° between d and G2. The circuit diagram and the triggering circuit are shown in 
figure 3.8.1 and figure 3.8.2 respectively. 
220:: 12-0-12 
^^ Q^) 
lOOohm 
Figure 3.8.1 Circuit diagram of the UJT based triggering circuit 
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Figure 3.8.2 Circuit for generation of tnggenng pulses 
Figure 3.8.3 shows the comparison of simulated and practical results for the variation of power 
transferred to grid with respect to the battery voltage for the switching angle combination Oi = 65°, 
a2= 95°, a3= 125°. Figure 3.8.3 shows an increasing trend of power transferred with increase of 
battery voltage. Figure 3.8.4 shows the variation of THD with respect to the battery voltage for the 
switching angle combination a\ = 65°, a2= 95°, 03= 125° Line current waveforms with corresponding 
harmonics are shown in figures 3.8.5 and 3.8.6 for two different switching angle combinations. 
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Figure 3.8.7 Practical circuit arrangement for two stage and three stage grid interactive inverter 
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Figure 3.8.8 Control flow chart for generation of triggering pulses 
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Figure 3.8.9 Synchronized pulses in positive half cycle of grid voltage 
3.9 Summary 
Multistage grid interactive inverter topology has been suggested with better THD (in line 
current) and power output and has successfully been implemented. Two stage and three stage 
inverter have been simulated in simulink software. The THD has reduced significantly (20% in 
case of two stage inverter and 16% in case of a three stage inverter) as compared to 48% in case 
of a conventional square wave inverter. The result has been experimentally verified. A thorough 
study has been made to obtain optimal performance with battery as dc source and can be 
extended for solar PV modules. Microcontroller based triggering circuit has also been developed 
for switching/ triggering the thyristors of the grid interactive inverter. The triggering pulses have 
been generated from PIC 16F877A, an 8 bit middle level microcontroller from Microchip. With 
reduced THD and features of multi stage inverter, it will to be a better replacement for square 
wave inverter in various distributed system connected to the grid. 
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4. Modeling and simulation of 
solar PV cell and array 
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4.1 Introduction 
Some of today's most serious environmental problems can be linked to electricity/ power 
generation which is based primarily based on fossil fuels. Moreover, the global energy demand 
encouraged the development of power supply structures that are based mainly on renewable 
resources. Photovoltaic (PV) system is gaining increased importance as a renewable source due 
to advantages such as the absence of fuel cost, little maintenance and no noise and wear due to 
absence of moving parts [I, 2]. Due to the growing demand, the manufacture of solar 
cells and photovoltaic arrays has advanced dramatically in recent years. Photovoltaic production 
has been increasing by an average of more than 20 percent each year since 2002, making it the 
world's fastest-growing energy technology. As of 2010, solar photovoltaic generates electricity 
in more than 100 countries and, while yet comprising a tiny fraction of the 4.8 TW total global 
power generating capacity from all sources, is the fastest growing power-generation technology 
in the world. Between 2004 and 2009, grid-connected PV capacity increased at an annual 
average rate of 60 percent, to some 21 GW [5-10]. In photovoltaic power plants, the power 
generated by the PV array has to be fed to the grid. Thus power conversion process requires an 
inverter system. Thus to understand the power conversion system a PV model has been 
developed in SIMULINK/MATLAB environment to be integrated with the other power 
electronic components of a grid interactive PV system. 
PV module represents the fundamental power conversion unit of a PV generator system. 
The output characteristics of PV module depends on the solar insolation, the cell temperature and 
output voltage of PV module. Since PV module has nonlinear characteristics, it is necessary to 
model it for the design and simulation of maximum power point tracking (MPPT) for PV system 
applications. The mathematical PV models used in computer simulation have been built for over 
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the past four decades [57-62]. Almost all well-developed PV models describe the output 
characteristics mainly affected by the solar insolation, cell temperature, and load voltage. 
However, the equivalent circuit models are implemented on simulation platforms of power 
electronics, such as SPICE which are difficult to integrate with the power electronic converters 
available in other powerful component based simulation software such as Simulink/ MATLAB. 
The Sim Power System tool in Simulink/ MATLAB package offers wind turbine models but 
there is no PV model to integrate with power electronics simulation tools. Thus, it is difficult to 
simulate and analyse a PV system connected to power electronics converters and systems. 
Keeping this in mind a generalized model for PV cell, module, and array using Simulink/ 
MATLAB has been developed to be used in integration with power converter block sets. 
4.2 Solar cell 
Solar cells consist of a p-n junction fabricated in a thin wafer or layer of semiconductor 
(usually silicon). In the dark, the I-V output characteristic of a solar cell has an exponential 
characteristic similar to that of a diode. When solar energy (photons) hits the solar cell, with 
energy greater than band gap energy of the semiconductor, electrons are knocked loose from the 
atoms in the material, creating electron-hole pairs. These carriers are swept apart under the 
influence of the internal electric fields of the p-n junction and create a current proportional to the 
incident radiation. When the cell is short circuited, this current flows in the external circuit, when 
open circuited, this current is shunted internally by the intrinsic p-n junction diode. The 
characteristics of this diode therefore set the open circuit voltage characteristics of the cell [2, 
62]. 
The simplest equivalent circuit of a solar cell is a current source in parallel with a diode. 
The output of the current source is directly proportional to the light falling on the cell 
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(photocurrent Iph). During darkness, the solar cell is not an active device. It works as a diode, i.e. 
a p-n junction. It produces neither a current nor a voltage. However, if it is connected to an 
external supply (large voltage) it generates a current Id, called diode current or dark current. The 
diode determines the I-V characteristics of the cell. The present work uses a simplified model to 
be developed in Simulink/ MATLAB environment. A Series resistance (Rs) is included, which 
gives a more accurate shape between the maximum power point and the open circuit voltage. 
This represents the internal losses due to the current flow. Shunt resistance (Rp) is also added in 
parallel with the diode, this corresponds to the leakage current to the ground [60]. 
Figure 4.2.1 Generalised Model of a PV cell. 
Application of Kirchoff s Current Law and kirchoff s voltage law on the equivalent 
circuit results in equation (4.2.1) and equation (4.2.2) respectively. Whereas, equation (4.2.3) is 
the famous diode equation. 
Ipv = Iph - Id 
Vpv = Vd — Ipv * Rs 
Id = lo* (e^n.k'T> - 1) 
(4.2.1) 
(4.2.2) 
(4.2.3) 
where 
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Ipv = Solar cell current in A. 
Iph = Photo current at reference Temperature in A. 
Id — Diode current in A. 
Vd = Diode Voltage in Volts. 
Vpv = Solar cell voltage in Volts. 
q = Electronic charge in Coulumbs. 
k = Boltzmann constant. 
lo = Reverese saturation current in A. 
n = Ideality factor. 
V 
Rs = Series Resistance in—. 
A 
V 
Rp = Parallel Resistance in—. 
A 
These are the basic governing equation for a solar cell. But, the parameters appeared in 
equation are not independent rather they depend on external factors such as temperature and 
insolation. Their dependence is discussed in following paragraph as appear in literature [57-62]. 
The photocurrent mainly depends on the solar insolation and cell's working temperature, 
which is given by 
Iph = Iph(Tl) + Ki*(T- Tl). (4.2.4) 
Iph(Tl) = Isc(Tl) * - ^ . (4.2.5) 
Gnom 
where Isc(Tl) is the cell's short-circuit current at a 25°C and lkW/m2, Ki is the cell's short-
circuit current temperature coefficient, T is the cell's temperature, and G is the solar insolation in 
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kW/m . On the other hand, the cell's saturation current varies with the ceil temperature, which is 
given by [60-62] 
qEM^^J^ 
/O = / 0 ( n ) * (Vj .^ )" * e n.fc 
Io(Tl) = 
0.000003 7 
0.0000025 * 
0.000002 - -
2 0.0000015 • 
0.000001 — 
0.0000005 -
/sc(ri) 
q»Voc(Tl) 
e n«fc«ri - 1 
-
-
— 
-
" 
_ 
(4.2.6) 
(4.2.7) 
•Si 
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• ^ » » • 
300 350 
Temperature (K) 
400 
4.2.2 Variation of reverse saturation current with temperature for Si. 
Where Isc(Ti) is the cell's reverse saturation current at a reference temperature (Ti) and a solar 
radiation (Gnom)- Eg is the bang-gap energy of the semiconductor used in the cell. The ideal 
factor n is dependent on type of cell. The energy band gap of semiconductors tends to decrease 
as the temperature is increased. This behaviour can be better understood if one considers that the 
interatomic spacing increases when the amplitude of the atomic vibrations increases due to the 
increased thermal energy. This effect is quantified by the linear expansion coefficient of a 
material. An increased interatomic spacing decreases the potential seen by the electrons in the 
material, which in turn reduces the size of the energy band gap. The temperature dependence of 
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the energy band gap has been experimentally determined yielding the following expression for 
£g as a function of the temperature (T) [61]. 
EgiT) = EgiO) T+p' (4.2.8) 
Where Eg(0), a and P are the fitting parameters. These fitting parameters are listed for 
germanium, silicon and gallium arsenide in the table below 
EM [eVl 
a [eV/K] 
3fK] 
Table 4.2.1 
Germanium 
0.7437 
4.77x10"* 
235 
Silicon 
1.166 
4.73 X 10-' 
636 
GaAs 
1.519 
5.41 X lO'* 
204 
1.4 -
r-?^/^ 
1 . 2 • - • 
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Figure 4.2.3 Variation of Band Gap energy with temperature. 
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It can be observed from the figure 4.2.3 that Eg doesn't changes much in the temperature range 
273 K to 373 K. Thus, we select a value of 1.12 for Eg in this temperature range. 
The resistance also depends on temperature. The relation can be given by [58] 
Rs = k^ + k2*T (4.2.9) 
Rp = kj * e'-"*'^ (4.2.10) 
Where, ki_ ki, k? and k4 are constants depending on cell material used. Actual equations used by 
[58] shows dependence of Rj on insolation but to avoid complexity a linear model for Rs is 
taken. Using the above 10 equations, a PV cell model is proposed which is extended to a PV 
module and PV array. 
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4.3 Simulation of solar PV cell 
Figure 4.3.1 shows a model of a PV cell developed in Simulink/MATLAB. Ipv is given 
as a ramp signal from Simulink library browser block set. The algebraic constraint block named 
"solve" constrains input signal f(z) to zero and outputs an algebraic state z. This block outputs 
the value necessary to produce a zero at the input. An initial guess is provided to output to 
improve algebraic loop solver efficiency. The general expression block named "diode equation" 
relates the current through diode Ij to the voltage across diode (Vj). I-V and P-V curves for 
varying temperature and insolation are shown in figure 4.3.2 through figure 4.3.5. 
Product ^P^ 
Gain 
Figure 4.3.1 SIMULINK model of a solar PV cell. 
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4.4 Solar PV Module 
For the majority of applications multiple solar cells need to be connected in series or in 
parallel to produce enough voltage and power. Individual cells are usually connected into a series 
string of cells to achieve the desired output voltage. The complete assembly is usually referred to 
as a module and manufacturers basically sell modules to customers. The modules serves another 
function of protecting individual cells from water, dust etc. as the solar cells are placed into an 
encapsulation of single or double plate glasses. Within a module the different cells are connected 
electrically in series or in parallel although most modules have a series connection. Figure 4.4.1 
shows a typical connection of how 18 cells are connected in series. In a series connection the 
same current flows through all the cells and the voltage at the module terminals is the sum of the 
18 individual voltages of each cell. It is therefore, very critical for the cells to be well matched in 
the series string so that all cells operate at the maximum power points [56], [58], [60]. When 
modules are connected in parallel the current will be the sum of the individual cell currents and 
the output voltage will equal that of a single cell. The equations for PV cell can be extended for 
module also and with slight modification the simulation model for PV module can be obtained 
from PV cell model. PV cells are connected in series to form a module as shown in figure 4.4.1. 
Simulink/ MATLAB model of the module is shown in figure 4.4.2. 
82 
PV CELL 
• 
PV MODULE 
I i I Avw 
SMI 
ffi3 
S t 
^ ^ : 
?)y. ri-t 
um J 
r r 
-v^ 
L.J t I I Ui^J. L 
M 'Wy-
&!! 
S?=f 
m =^*/^ 
I I 
T ^ m ^ 
Tzr 
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4.5 Array 
The power that one module can produce is seldom enough to meet requirements of a 
home or a business shop, so the modules are linked together to form an array. Most PV arrays 
use an inverter to convert the DC power produced by the modules into alternating current that 
can power lights, motors, and other loads. The modules in a PV array are usually first connected 
in series to obtain the desired voltage, the individual strings are then connected in parallel to 
allow the system to produce more current [60]. The equations relating the PV array voltage to the 
PV array current is given by 
'•K^ip.*Rs^ (4.5.1) 
Vp. = Ns*Va-
Ns*Ipv*Rs (4.5.2) 
.Vpv, Ipv'Rs. 
/d = /o * (e n,k,T - 1) (4.5.3) 
r^ 
r:^ 
r:7i 
rcTi r:7| rcTi 
rcTi rc^ rcTi 
INTI 
INTI 
rcTi rCTi rc^ 
rcTi 
PvTi rcTi rsTi 
rCTI K7I 
rc^ rsTi pen rCTi 
PV MODULE 
Figure 4.5.1 Module connected in series and parallel to form an array. 
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Figure 4.5.5 P-V Characteristic solar PV array for varying temperature 
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4.6 Determination of 'Rs' and 'Rp'. 
Since the value of 'Rs' and 'Rp' depends on temperature of the cell as given in equation 
4.2.9 and 4.2.10, a curve fitting method is suggested to calculate the value of constants ki, k2, ks 
and k4. As shown in figure 4.6.1 adding parallel resistance to the PV equivalent circuit causes the 
current at any given voltage to shift down by Al= — whereas adding series resistance to the PV 
Rp 
equivalent circuit causes the voltage at any given current to shift to the left by AV=I*Rs. Series 
and parallel resistance in the PV equivalent circuit decreases both voltage and current delivered. 
To improve cell performance, high 'Rp' and low 'Rs' are needed. Three sets of value for I-V 
curve at different insolation and temperature are taken for the solar array under study. 'Rs' and 
'Rp' are evaluated from these data respectively. Using the linear relation of 'Rs' with 
temperature and exponential relation of Rp with temperature, the value of ki, k2, ks and k4 is 
evaluated by determining the best curve fit equation. Procedure for determining the best fit curve 
in MS EXCEL is given below. 
1. Enter the data (Rp or Rs, T) into the excel sheet. 
2. Select the data array and goto scatter in insert menu. 
3. Select scatter with only marker. Scatter plot of 'Rs' or 'Rp' with temperature will be 
displayed. 
4. Right click on any one data point on scatter plot and select add trend line. Format trend 
line window will open. 
5. Select linear or exponential fit, as the case may be (linear for 'Rs' and exponential for 
'Rp') and check display equation on chart. Best curve fit equation will appear on the 
scatter graph. 
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From the above analysis the temperature dependence equation of the series and parallel 
resistances are found to be 
Rs=l 8.73-0.059*1 
Rp=5*10-^*exp(-0.04*T) 
Comparing the above equations with equations (4.2.9) and (4.2.10), we get 
ki= 18.73 
k2= -0.059 
k3=5*10"' 
k4= 0.04 
Figure 4.6.7 shows the comparison of simulated result with the experimental data of the I-V 
characteristic of the PV array under study. Figure 4.6.8 shows the % error in simulated data. 
Figure 4.6.9 shows the PV array under study. 
• Expenmenlal Data 
—-Simulation Result 
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Figure 4.6.7 Experimental Vs Simulated I-V plot. 
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4.7 Summary 
Simulink/ MATLAB model of a solar PV cell has been developed which is extended to 
include a solar PV module and solar PV array. Various parameters on which the PV cell 
characteristic depends have been incorporated. The experimental data of the solar array used is 
utilised to determine the value of series and parallel resistance at standard conditions of 
temperature and insolation. This value is then used in simulating the actual array. The simulation 
results are compared with the experimental data and it confirms the validity of the simulation 
model. 
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5. Maximum Power Point 
Tracking 
95 
5.1 Introduction 
The electrical power supplied by a PV panel depends on many extrinsic factors, such as 
temperature and insolation level and the peak value of panel power increases with insolation and 
decreases with ambient temperature. The complex volt-ampere characteristic of the PV panel 
requires the use of harvesting techniques which are most often difficult to implement. In the use 
of solar panels, maximum power point tracking is the automatic adjustment of electrical load to 
achieve the greatest possible power harvest, during moment to moment variations of light level, 
shading and temperature. PV cells have a single operating point where the values of 
the current (I) and voltage (V) of the cell result in a maximum power output. These values 
correspond to a particular load, which is equal to - as specified by Ohm's Law. The power P is 
given by P=V*I. PV cell has an exponential relationship between current and voltage, and 
dp 
the maximum power point (MPP) occurs at the knee of the curve where — = 0. At this point the 
characteristic resistance equals that of the load resistance. Maximum power point trackers utilize 
some type of control circuit or logic to search for this point and thus to allow the converter 
circuit to extract the maximum power available from a cell [28-51]. 
Several harvesting schemes use microcontrollers or digital signal processors for tracking 
the maximum power point (MPP) based on various control strategies have been proposed for 
solar grid-tie inverters [47,48]. All the above methods regulate the input PV voltage or current in 
operating the system at MPP. Therefore, an additional stage of conversion is needed and a dc-to-
dc converter becomes necessary which reduces the overall efficiency of the system. In the 
proposed method, the switching angle of inverter itself controls the power flow which lies 
around maximum power point. A feedback signal from a pilot PV panel monitors the MPP and 
accordingly switching angle of the inverter is changed for low output power and high output 
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power conditions. Due to the absence of dc-to-dc converter the overall efficiency of the system 
increases. 
5.2 MPPT for discontinuous phase control inverter scheme. 
The MATLAB/ Simulink model of the discontinuous phase control inverter scheme with 
solar PV array as the do source is shown in figure 5.2.1. Table 5.2.1-5.2.4 (showing the variation 
of solar PV array voltage, power transferred to the grid and THD) is obtained by running the 
model in figure 5.2.1 for different solar insolation levels and switching angles. The triggering 
pulses are generated from pulse generator blockset of Simulink library. 
1. Simulation model of solar PV array 
The following parameter values have been set for simulation study of solar PV inverter in 
discontinuous phase control mode. 
Voc= 23 Volts at 1000 w W 
Isc=5.2Aatl000WW 
Rs= .02 Ohm 
Rp=100Ohm 
Temperature =25 °C (temperature is kept constant) 
2. Simulation model of inverter 
The following parameter values have been set for the simulation study. 
L,,2 = 20mH 
Ri,2= 0.5 ohm 
Ci,2=.01F 
Vacrms = 230 V, T/F ration 230V::50V:50V 
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Figure 5.2.1 MATLAB/ Simuiink model of the discontinuous phase control inverter with solar PV array as dc 
source. 
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Table 5.2.1 Insolation = 400W/m' 
SL. NO. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
a 
(degree) 
110 
115 
120 
125 
130 
135 
140 
145 
150 
POWER 
(Watts) 
-1 
-8.97 
-16.45 
-23.54 
-29.56 
-33.5 
-32.13 
-28 
-23.13 
PV 
Voltage 
(V) 
4.39 
7.11 
9.86 
12.74 
15.52 
17.97 
19.37 
20.15 
20.66 
PV 
Current 
(A) 
1.49 
1.43 
1.38 
1.32 
1.26 
1.17 
1.01 
0.82 
0.65 
THD 
(%) 
20.14 
21.2 
22.19 
23.25 
24.27 
26.02 
30.14 
35.29 
42.89 
Table 5.2.2 Insolation = 600W/m^ 
SL. NO. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
a 
(degree) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
POWER 
(Watts) 
-16.93 
-27.87 
-37.75 
-47.18 
-51.86 
-49.56 
-44.27 
-38.08 
-31.69 
-25.66 
PV 
Voltage 
(V) 
8.65 
11.28 
13.95 
16.56 
18.59 
19.7 
20.38 
20.87 
21.23 
21.53 
PV 
Current (A) 
2.19 
2.14 
2.08 
2.01 
1.84 
1.59 
1.34 
1.12 
0.89 
0.69 
THD 
(%) 
7.3 
7.74 
9.25 
10.18 
11.51 
15.54 
21.04 
26.83 
33.55 
40.78 
Table 5.2.3 Insolation = SOOW/m^  
SL. NO. 
L 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
a 
(degree) 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
POWER 
(Watts) 
-52.03 
-64.44 
-68.82 
-66.9 
-61.84 
-55.15 
-48.07 
-40.52 
-33.7 
-27 
PV 
Voltage 
(V) 
14.32 
16.75 
18.45 
19.47 
20.18 
20.71 
21.13 
21.49 
21.76 
21.99 
PV 
Current (A) 
2.86 
2.77 
2.55 
2.27 
1.97 
1.67 
1.4 
1.14 
0.91 
0.72 
THD 
(%) 
6.3 
6.5 
7.2 
6.6 
8.89 
13.52 
19.24 
25.63 
32.3 
39.71 
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Table 5.2.4 Insolation = lOOOW/m^  
SL. NO. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
a 
(degree) 
110 
115 
120 
125 
130 
135 
140 
145 
POWER 
(Watts) 
-82 
-82.65 
-79.61 
-73.18 
-65.49 
-58.17 
-42.2 
-35.05 
PV 
Voltage 
(V) 
17.8 
18.91 
19.7 
20.33 
20.82 
21.23 
21.88 
22.08 
PV 
Current (A) 
3.4 
3 
2.71 
2.37 
2.02 
1.71 
1.2 
1 
THD 
(%) 
9.07 
8.73 
7.87 
6.66 
7.88 
12.19 
24.4 
31.28 
The maximum power point at various insolation levels has been has been obtained from the 
above tables. They are shown in table 5.2.5. The variation of power with switching angle at 
different insolation is shown in figure 5.2.2. The variation of THD with switching angle at 
different insolation is shown is figure 5.2.3. 
Table 5.2.5; The variation of maximum power and voltage with insolation. 
SI. No. 
1. 
2. 
3. 
4. 
Insolation 
(W/m^) 
1000 
800 
600 
400 
Maximum 
Power(W) 
-82.65 
-68.82 
-51.86 
-30.50 
Angle at 
Pmax(Deg.) 
110 
115 
125 
130 
Voltage at 
Pmax(Deg.) 
18.50 
18.45 
18.30 
17.97 
Voc(Volts) 
22.6 
22.5 
22.2 
21.5 
Voc 
0.81 
0.82 
0.82 
0.83 
100 
switching angle(degrees) 
-1000watts/m2 
-800watts/m2 
600 watts/m2 
-400 watts/m2 
> MAXIMUM 
POWER 
POINT 
Figure 5.2.2 The variation of power with switching angle at diflferent insolations. 
1000watt5/m2 
800watt5/m2 
600watts/m2 
400watts/m2 
LOWTHD 
REGION 
n o 120 130 140 150 160 
switching angie{degrees) 
Figure 5.2.3 The variation of THD with switching angle at different insolations. 
It can be observed from Figure 5.2.2 that for insolation ]evel= 1000 watts/m^ and 800 
watts/m', the switching angle for operation at maximum power is 110° and 115" respectively. 
Whereas for 600 watt/m^ and 400 watt/m* insolation, the switching angle is 125° and 130° 
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respectively, for operation at maximum power point. Moreover, from Figure 5.2.3, it can be 
observed that tliese angles lie in the region for low THD of line current. It is evident from table 
5.2.5 that there is a small variation of 'Vmpp' and 'Voc' with insolation. But the ratio of'Vmpp' to 
'Voc' is almost constant (which is taken as 0.82). This observation is utilized in developing a 
control algorithm to operate the solar PV based grid tie inverter at maximum power point at all 
insolation level. 
5.3 Control algorithm 
The control algorithm is divided into two parts. 
1. High insolation region 
2. Low insolation region 
At higher insolation (700 watts/m^ and above) the switching angle is kept at 115°. For lower 
insolation, the operating point is kept at the switching angle of 130°. The PV voltage at MPP is 
0.82 times the open circuit voltage at all insolation. A pilot panel, which is under the same 
ambient condition and its output voltage (Vmpp =0.82*Voc) is compared with inverter solar array 
voltage and control signal generated using PIC 16F877A microcontroller. Figure 5.3.1 shows the 
control strategy. An increase in the insolation increases the capacitor voltage or operating voltage 
of the PV array. At point 1 for insolation=400 watts/m ,^ the switching angle =130 degrees and 
PV voltage= 17.97 V. When insolation increases to 600 wattsW, the operating point changes to 
point 2 and the voltage also increases to 19.7 V because the MPP also shifts and the load power 
is less than the maximum power of the panel. When the operating capacitor voltage exceeds 
l.l*0.82*Voc, the switching angle changes to 115°, thus the operating shifts to point 3. Here the 
operating voltage of array is 7.11 V. The capacitor starts discharging. Thus this process of 
charging and discharging will ensure the operation near MPP. A PIC 16F877A microcontroller 
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Figure 5.3.1 Development of control algorithm. 
based circuit is designed to generate the switching pulses for the thyristors. The control 
algorithm (figure 5.4.8), incorporated into the program for pulse generation eliminates the need 
for a separate dc-dc converter. 
5.4 Solar PV inverter with MPPT Circuit 
Figure 5.4.1 shows Simulink model of the solar PV inverter with the MPPT circuit. The 
MPPT circuit is the analog version of the control signal generated by the microcontroller. The 
voltage available at the PV array is constantly compared with the pilot panel, which is under the 
same ambient condition. The voltage varies with the insolation and when the voltage falls below 
the Vmpp (=0.82*Voc), the switching angle is adjusted to keep the operating point at MPP. Figure 
5.4.2 shows the variation of maximum power with varying insolation level (1000 w/m , 
800W/m^ 600W/m^ and 400WW). The available maximum power from PV array is shown in 
steps and another line shows the power transferred to the grid. The power transfer line closely 
follows the available maximum power from PV array. Figure 5.4.5 shows the variation of 
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voltage with varying insolation. The variation of power with temperature is not taken into 
consideration given small variation of temperature during the day doesn't make big difference in 
power variation. Moreover, it will make the control algorithm unnecessary complicated. 
IKSOLATIC** 
145 DEGREES 
Repeating 
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Figure 5.4.1 The Simulink model of the discontinuous phase control inverter scheme along with the MPPT 
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Figure 5.4.4 The variation of maximum power with insolation. The step variation shows the available maximum 
power from PV array (red line) and another line shows the power transferred to the grid (blue line). 
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Figure 5.4.5 Variation of panel voltage with varying insolation. 
106 
0.6 0.8 1 1.2 
Time (sec) 
Figure 5.4.6 Line current. 
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Figure 5.4.7 Line current in expanded time axis. 
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INCLUDE FILES OF PIC 16F877A 
INITIALISE USER DEFINED REGISTERS 
CLEAR INTF BIT 
OFINTCON 
INITIALISE THE DATA DIRECTION OF 
PORTS AND THE INTERRUPT 
REGISTERS 
INITIALISE THE REGISTERS ASSOCIATED 
WITH ANALOG COMPARATOR 
GOTO $ (WAIT) 
USE TWO REGISTERS fi=1,2)AND STORE 
VALUE CORRESSPONDING TO DEWY 
FOR HIGHER INSOLATION 
DECREASE THE VALUE OF REGISTERI 
INTERRUPT 
USE TWO REGISTERS (i=1 ;)AND STORE 
VALUE CORRESSPONDING TO DELAY 
FOR HIGHER INSOLATION 
USE TWO REGISTERS fFl,2)AND STORE 
VALUE CORRESSPONDING TO DELAY 
FOR LOWER INSOLATION 
X 
DECREASE THE VALUE OF REGISTERI 
DECREASE THE VALUE OF REGISTER2 < 
X 
USE TWO REGISTERS ( F I ,2 )AND STORE 
VALUE CORRESSPONDING TO DELAY 
FOR LOWER INSOWTION 
DECREASE THE VALUE OF REGISTERI 
DECREASE THE VALUE OF REGISTER2 <\ 
Figure 5.4.8 Flowchart for the generation of triggering pulses. 
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5.5 Square wave inverter 
Conventional inverters involve two thyristors for centre tap and four thyristors for bridge 
configuration for power transfer to grid. But it suffers from high harmonic content in line 
current. Nevertheless, an MPPT scheme for a square wave inverter can also be developed with 
the study of power variation with switching angle at different insolation. Figure 5.5.1 shows a 
conventional centre tap square wave scheme model in Simulink. The following parameters are 
set for the simulation study. 
Array rating Transformer rating 
Voc= 46 V KVA ratings 1 KVA 
Isc- 5.2 A i/p= 220 Volts 
Vmpp= .82*Voc o/p= 50-0-50 Volts 
Inductance^ 0.05 Henry 
Resistance^ 0.02 ohm 
Capacitance = 100 
microfarad 
Grid voltage- 220 Volts 
l» signal THD 0 4 ^ 
T(«3! Harmontc 
Distoraon 
Oiipiay! 
MutKWmdng 
Transftwmer 
D 
ri S 
>C«d«(l 
Contnuous 
1+ 
*i^ 
J 
\ InMetA 
From 
^6262] 
Mean Value 
DiSpl3y2 
VMMlC 
iMtOUTlOll 
P 
To workspace 
•ft D 
jui—K3 
Goto 
m — ^ 
GCtOl 
PVWOtTsP si 
LJ*i bQ»-
.• 
biM«afl 
MeanValije2 Dfipl3y4 
Current Measufemeni 
Figure 5.5.1 Simulink model of a centre tapped square wave inverter 
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Figure 5.5.4 Grid voltage (sine wave) with line current for switching angle = 133° and 119°. 
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5.5.1 MPPT scheme for square wave inverter 
It is observed from the graph in figure 5.5.5 that the maximuin power at all insolation 
level is at switching angle 155°. Thus operating the inverter at 155° will ensure operation at 
maximum power point at all operating condition. Figure 5.5.1.1 shows average power transferred 
to grid with MPPT scheme (blue curve) along with maximum available power from the solar 
array (red stepped line). 
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5.6 Two stage solar inverter 
Figure 5.6.1 shows two stage solar inverter model in MATLAB/Simulink. The table 
5.6.1-5.6.4 is obtained by running the model in figure 5.6.1 for different solar insolation levels at 
different switching angles. Table 5.6.1-5.6.4 shows the variation of solar PV array voltage, 
power transferred to the grid and THD with varying insolation and switching angle. 
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Figure 5.6.1 MATLAB/ Simulink model of a three step inverter 
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Table 5.6.1 Solar insolation= 1000 W/m^ 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
ai 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
110 
110 
110 
110 
110 
115 
115 
115 
115 
120 
120 
0-2 
(degrees) 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
115 
120 
125 
130 
135 
120 
125 
130 
135 
125 
130 
PV 
Voltage 
(Volts) 
25.99 
28.52 
31.53 
34.3 
36.8 
39.09 
40.93 
42.45 
43.72 
44.7 
45.21 
45.6 
31.5 
34.72 
37.33 
39.66 
41.57 
37.58 
40 
42.04 
43.74 
42.21 
44.01 
PV 
Current (A) 
4.85 
4.83 
4.77 
4.69 
4.49 
4.06 
3.39 
2.6 
1.78 
1 
0.65 
0.62 
4.76 
4.74 
4.45 
3.89 
3.07 
4.39 
3.77 
2.84 
1.68 
2.7 
1.58 
THD 
(%) 
33.25 
30.5 
28.48 
26.73 
25.1 
23.6 
22.46 
21.92 
23.29 
30.54 
35.6 
40.8 
32.5 
30.09 
27.72 
24.93 
21.53 
32.4 
28.74 
24.11 
15 
25.78 
15.5 
Power 
(Watts) 
-102.4 
-116 
-129 
-140 
-146.5 
-142.8 
-127.4 
-102.9 
-73.6 
-42.66 
-27.93 
-26.9 
-131.9 
-140 
-146 
-139.5 
-117.5 
-146.8 
-136.6 
-110.5 
-71.48 
-106.5 
-62.9 
Table 5.6.2 Solar insolation= 800 W/m^ 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
0.2 
(degrees) 
110 
115 
120 
125 
130 
135 
140 
145 
150 
PV 
Voltage 
(Volts) 
24.28 
27.9 
30.86 
33.61 
36.23 
38.56 
40.5 
42.13 
43.47 
PV 
Current (A) 
3.85 
3.81 
3.77 
3.71 
3.58 
3.32 
2.82 
2.16 
1.43 
THD 
(%) 
29.8 
28.2 
26.1 
24.6 
23.3 
22.2 
21.44 
21.45 
24.2 
Power 
(Watts) 
-80.7 
-91.5 
-101.2 
-110.9 
-116.7 
-116.5 
-105.8 
-85.49 
-59.1 
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10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
105 
110 
110 
110 
110 
110 
110 
115 
115 
115 
115 
120 
155 
115 
120 
125 
130 
135 
140 
120 
125 
130 
135 
125 
44.5 
30.8 
34 
36.29 
39.21 
41.17 
42.93 
36.85 
39.51 
41.72 
43.62 
41.95 
0.71 
3.76 
3.69 
3.61 
3.18 
2.6 
1.73 
3.53 
3.1 
2.38 
1.39 
2.3 
37.3 
29.5 
27.45 
25.26 
22.74 
19.39 
15.47 
29.1 
25.6 
20.25 
14 
22.29 
-30.1 
-101.7 
-112.3 
-118.8 
-113.7 
-97.55 
-70.27 
-117 
-113.2 
-92.33 
-55.39 
-88.67 
Table 5.6.3 solar insolation= 600 W/m 
Si. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
110 
110 
110 
110 
110 
115 
115 
115 
120 
02 
(degrees) 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
115 
120 
125 
130 
135 
120 
125 
130 
125 
P V 
Voltage 
(Volts) 
24.2 
27.46 
30.01 
32.86 
35.51 
37.9 
40 
41.75 
43.16 
43.8 
30.19 
32.21 
36.01 
38.64 
40.72 
36.14 
38.48 
41.32 
41.37 
P V 
Current (A) 
2.81 
2.78 
2.75 
2.67 
2.63 
2.47 
2.14 
1.63 
1 
0.65 
2.74 
2.72 
2.59 
2.39 
1.9 
2.57 
2.32 
1.73 
1.67 
THD 
(%) 
25 
24.1 
22.5 
21.5 
20.7 
20.2 
20.2 
21.51 
27.89 
32.32 
24.23 
22.4 
20.92 
19.8 
16.08 
23.95 
20.89 
15 
16.8 
Power 
(Watts) 
-56.1 
-64.5 
-73.1 
-79.8 
-85.1 
-85.9 
-80.03 
-64.27 
-41.34 
-27.5 
-73.94 
-82.93 
-85.64 
-85.32 
-74.58 
-85.5 
-84.34 
-69.48 
-66.56 
Table 5.6.4 solar insolalion= 400 W/m 
SI. No. 
ai 
(degrees) (degrees) 
PV 
Voltage 
(Volts) 
PV 
Current (A) 
THD Power 
(Watts) 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
110 
110 
110 
115 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
115 
120 
125 
120 
23.21 
26.29 
29.25 
31.81 
34.82 
37.25 
39.44 
41.28 
42.28 
42.41 
29.38 
32.78 
35.96 
35.41 
1.79 
1.76 
1.73 
1.69 
1.64 
1.54 
1.34 
0.98 
0.68 
0.63 
1.69 
1.62 
1.61 
1.63 
18.67 
17.87 
17.44 
17.27 
17.73 
18.63 
20.56 
25.96 
28.95 
33.6 
14.7 
14 
13.9 
14.03 
-36.72 
-41.79 
-46.2 
-50.2 
-53.3 
-53.9 
-49.9 
-38.67 
-27.32 
-25.83 
-45.55 
-51.8 
-52.46 
-52.11 
From table 5.6.1-5.6.4 it can be observed that maximum power is available for switching 
angle combinations (105°, 130") for high as well and low insolation. The power variation for 
different insolations at various switching angles is shown in figure 5.6.1.7. 
5.6.1 MPPT scheme for two stage solar inverter 
The control algorithm for two stage inverter utilises the fact that maximum power point 
for all insolation level is for the switching angle combination 105° and 130° for upper and lower 
leg thyristors respectively. A PIC 16F877A microcontroller based circuit is designed to generate 
the switching pulses for the thyristors. The control algorithm incorporated into the program for 
pulse generation eliminates the need for a separate dc-dc converter. 
Figure 5.6.1.9 shows the variation of maximum power with varying insolation level (1000 
w/m^ 800W/m^ 600WW and 400W/m^). The available maximum power from PV array is 
shown in steps and another line shows the power transferred to the grid. The power transfer line 
closely follows the available maximum power from PV array. Figure 5.6.1.11 shows the 
variation of voltage with varying insolation. 
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Figure 5.6 J .2 The variation of power with respect to switching angle and insolation. 
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Figure 5.6.1.3 (a) Line current(blue curve) and reduced grid voltage (red curve) for the switching combination ay 
145° and 02= 152°. (b) Harmonics in line current. 
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Figure 5.6.1.7 and figure 5.6.1.8 are 2-D plot of the variation of power transferred to grid and 
THD with respect to the switching angle at different insolation respectively. 
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Figure 5.6.1.7 Variation of power transferred to the grid with switching angle combination at different insolation. 
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Figure 5.6.1.8 Variation of THD with switching angle combination at different insolation. 
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Figure 5.6.1.9 Average power transferred to grid with MPPT scheme (blue curve) with maximum available power 
from the solar array(red stepped waveform). 
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Figure 5.6.1.10 Variation of PV panel current with changing insolation (in steps). 
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Figure 5.6.1.12 Grid voltage. 
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5.7 Practical results 
Figure 5.7.1 shows the line current with low THD incorporating MPPT scheme for two 
stage grid interactive inverter. Figure 5.7.2 shows the corresponding THD and harmonics in line 
current. 
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5.8 Three stage grid interactive inverter configuration 
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Figure 5.8.1 MATLAB/Simulink model of a three stage grid interactive inverter. 
Figure 5.8.1 shows a MATLAB/Simulink model of a three stage inverter configuration. 
The table 5.8.1-5.8.4 is obtained by running the model in figure 5.8.1 for different solar 
insolation levels and switching angles. Table 5.8.1-5.8.4 shows the variation of solar PV array 
voltage, power transferred to the grid and THD with varying insolation and switching angle. 
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The following parameters are set for simulation studies. 
Array rating Transformer rating 
Voc= 46 V KVA ratings 2 KVA 
Isc= 5.2 A i/p= 220 Volts 
Vmpp= .82*Voc Secondary tappings 0-50-
100-150-200-250-300-350-
400-450-500-550 Volts 
Inductance= 0.05 Henry 
Resistance= 0.02 ohm 
Capacitance across PV 
array== 100 microfarad 
Grid voItage= 220 Volt 
Table 5.8.1 Variation of power, voltage, THD with different switching angle combination at insolation= 1000 W/m^ 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
ai 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
a2 
(degrees) 
110 
110 
110 
110 
110 
110 
110 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
125 
125 
125 
as 
(degrees) 
115 
120 
125 
130 
135 
140 
145 
120 
125 
130 
135 
140 
145 
150 
155 
125 
130 
135 
140 
145 
150 
130 
135 
140 
Power 
(Watts) 
-105.2 ^ 
-113.6 
-121.5 
-128.7 
-135.2 
-140.7 
-144.6 
-121.4 
-129 
-136.7 
-142.2 
-146.4 
-148.3 
-147.7 
-145 
-137.4 
-143.3 
-147.2 
-148.2 
-146 
-140.9 
-147.5 
-148 
-144.3 
P V 
Voltage 
(Volts) 
25.62 
27.45 
29.2 
30.84 
32.36 
33.76 
35.02 
29.12 
31.09 
32.73 
34.24 
35.63 
36.85 
37.92 
38.81 
32.55 
34.55 
36.01 
37.37 
38.54 
39.54 
36.25 
37.68 
38.96 
THD 
(%) 
31.57 
29.46 
27.57 
25.93 
24.58 
23.58 
22.97 
29.51 
27.43 
25.55 
23.84 
22.46 
21.41 
20.8 
20.6 
27.82 
25.62 
23.69 
21.87 
20.4 
19.18 
26.21 
23.92 
21.69 
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25. 
26. 
11. 
28. 
105 
105 
105 
105 
125 
130 
130 
130 
145 
135 
140 
145 
-136 
-143 
-133.2 
-119.7 
40.07 
39.19 
40.41 
41.44 
19.68 
24.46 
21.76 
19.39 
Table 5.8.2 Variation of power, voltage, THD with different switching angle combination at insolation= 800 w W 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
ai 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
0-2 
(degrees) 
110 
110 
110 
110 
110 
110 
110 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
125 
125 
125 
130 
130 
130 
as 
(degrees) 
115 
120 
125 
130 
135 
140 
145 
120 
125 
130 
135 
140 
145 
150 
155 
125 
130 
135 
140 
145 
150 
130 
135 
140 
135 
140 
145 
Power 
(Watts) 
-82.23 
-88.8 
-94.97 
-100.6 
-105.7 
-110 
-113.7 
-95.2 
-101.4 
-106.8 
-111.5 
-115.1 
-117.3 
-117.8 
-116.5 
-107.3 
-112.3 
-115.9 
-117.7 
-117.2 
-113.8 
-116.3 
-117.8 
-116.1 
-115.4 
-108.5 
-97.51 
P V 
Voltage 
(Volts) 
25.11 
26.95 
28.69 
30.34 
31.86 
33.26 
34.53 
28.52 
30.6 
32.23 
33.75 
35.15 
36.39 
37.49 
38.41 
32.3 
34.04 
35.53 
36.92 
38.12 
39.19 
35.75 
37.23 
38.56 
38.77 
40.08 
41.17 
THD 
(%) 
28.8 
26.96 
25.27 
23.75 
22.6 
21.71 
21.27 
27.02 
25.12 
23.35 
21.9 
20.64 
19.79 
19.36 
19.39 
25.56 
23.53 
21.73 
20.18 
18.89 
17.89 
24.22 
22.11 
20.1 
22.82 
20.17 
17.78 
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Table 5.8.3 Variation of power, voltage, THD with different switching angle combination at insolation- 600 W/m 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
ai 
(degrees) 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
(degrees) 
110 
110 
110 
110 
110 
110 
110 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
125 
125 
125 
130 
130 
130 
0.3 
(degrees) 
115 
120 
125 
130 
135 
140 
145 
120 
125 
130 
135 
140 
145 
150 
155 
125 
130 
135 
140 
145 
150 
130 
135 
140 
135 
140 
145 
Power 
(Watts) 
-59.15 
-63.82 
-68.26 
-72.25 
-75.92 
-79.11 
-81.78 
-69.54 
-72.86 
-76.71 
-80.2 
-82.85 
-84.71 
-85.52 
-85.05 
-78.14 
-81.27 
-83.47 
-85.21 
-85.27 
-83.55 
-84.11 
-85.39 
-84.82 
-84.5 
-80.13 
-72.18 
P V 
Voltage 
(Volts) 
24.59 
26.44 
28.19 
29.83 
31.35 
32.76 
34.02 
28.1 
30.07 
31.71 
33.25 
34.66 
35.91 
37.01 
37.95 
31.77 
33.48 
35.03 
36.44 
37.67 
38.77 
35.24 
36.76 
38.12 
38.35 
39.67 
40.82 
THD 
(%) 
24.39 
22.73 
21.29 
20.06 
19.16 
18.62 
18.5 
23.01 
21.19 
19.78 
18.58 
17.63 
17.21 
17.02 
17.41 
21.79 
20.03 
18.5 
17.24 
16.31 
15.57 
20.81 
18.94 
17.3 
19.79 
17.58 
15.53 
Table 5.8.4 Variation of power, voltage, THD with different switching angle combination at insolation= 400 W W 
SI. No. 
1. 
2. 
3. 
4. 
5. 
6. 
(degrees) 
105 
105 
105 
105 
105 
105 
02 
(degrees) 
110 
110 
110 
110 
110 
110 
as 
(degrees) 
115 
120 
125 
130 
135 
140 
Power 
(Watts) 
-36.19 
-38.99 
-41.59 
-44.11 
-46.12 
-47.93 
PV 
Voltage 
(Volts) 
24.01 
25.87 
27.62 
29.27 
30.78 
32.21 
THD 
(%) 
15.39 
14.27 
13.41 
12.93 
12.72 
13.1 
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7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
105 
110 
115 
115 
115 
115 
115 
115 
115 
115 
120 
120 
120 
120 
120 
120 
125 
125 
125 
130 
130 
130 
145 
120 
125 
130 
135 
140 
145 
150 
155 
125 
130 
135 
140 
145 
150 
130 
135 
140 
135 
140 
145 
-49.67 
-42.04 
-44.46 
-46.54 
-48.71 
-50.23 
-51.29 
-51.93 
-51.42 
-46.78 
-48.73 
-50.37 
-51.4 
-51.57 
-50.5 
-50.58 
-51.52 
-51.22 
-51.05 
-48.19 
-42.54 
33.5 
27.89 
29.51 
31.18 
32.71 
34.11 
35.4 
36.52 
37.49 
31.46 
33.08 
34.58 
35.95 
37.19 
38.3 
34.78 
36.28 
37.66 
37.88 
39.24 
40.43 
13.78 
14.68 
13.39 
12.56 
12.19 
12.14 
12.67 
13.59 
14.84 
14.05 
12.99 
12.39 
11.94 
12,03 
12.76 
13.88 
12.89 
12.2 
13.92 
12.83 
12.64 
From the above tables it can be concluded that irrespective of any insolaiton level, the best 
possible angle combination for maximum power transfer and lowest THD is ai=105°, 02=125° 
and a3=140°. Figure 5.8.2 (a)-(h) shows line current at different switching angle combination 
along with corresponding THD. Figure 5.8.3 shows scatter plot of power variation with 
switching angle combinations at different insolation (ai is kept constant at 105°). Figure 5.8.4 
shows power transferred to the grid using MPPT scheme (blue curve) along with available power 
from PV array (red stepped line). The oscillation around MPPT can be reduced by using higher 
capacitance across PV array. There is also oscillation in PV panel voltage which can also be 
reduced by using higher capacitance across PV array. 
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Figure 5.8.2 (a)-(h) Three stage line current (blue) with grid voltage (red) and their harmonic content for different 
values of switching angle combination. 
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Figure 5.8.9 Line current at insolation = 400 w W 
8.3 
5.9 Practical results 
Figure 5.9.1 shows the line current with low THD incorporating mppt scheme. Figure 
5.9.2 shows the corresponding THD and harmonics in line current. Figure 5.9.3 shows triggering 
pulses from PIC 16F877A. Figure 5.9.4 shows the driver circuit for isolating the power circuit 
and microcontroller circuit. Six MOC 3020 are required for six thyristors in four step inverter 
circuit. Practical arrangement for the four step inverter circuit is shown in figure 5.9.5. 
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MICROCONTROLLER 
Figure 5.9.5 Practical setup for a three stage grid interactive inverter. 
5.10 Summary 
MPPT scheme for various grid interactive inverter topologies has been suggested. The 
proposed MPPT scheme has been simulated in MATLAB/Simulink and experimental 
verification has also been done. The absence of dc-to-dc converter on the PV side of inverter in 
the MPPT scheme reduces the cost and the efficiency of the overall system increases. PIC 
microcontroller used for implementing the scheme is cheap and readily available compared to 
other microcontrollers available in market. The efficiency of the tracking scheme is quite high as 
compared to other widely used schemes for tracking the maximum power point of SPV array in 
inverter. 
138 
6. Conclusion and 
Future work 
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The work, presented in the thesis deals with the performance improvement of renewable 
energy based dc-to-ac grid interactive inverter system. Various grid interactive inverter 
topologies have been proposed to achieve the said objective. Discontinuous phase control 
technique has been applied to the inverter topology for improvement of line current waveform 
and power transfer. All the proposed inverter topologies do away with the costly and additional 
dc-to-dc converter, necessary in all maximum power point tracking (MPPT) system in a PV 
system. 
The problems associated with solar PV grid inverters and various parameters underlining 
the efficient use of solar inverters in these plants are discussed in detail. Discontinuous phase 
control technique applied to the proposed topologies (one with transformer and other without 
transformer) for grid interactive inverter showed better operational characteristic. A user 
interactive simulation model of a PV cell has also been developed in SIMULINK software which 
is extended to simulate a PV array incorporating the real time parameters. The model developed 
in SIMULINK, efficiently simulate a real PV array system. The user interactive solar PV 
cell/array model utilises the graphical user interface feature. It is used for the simulation study of 
the solar PV based grid interactive inverter system. The characteristics of solar PV array used 
with the grid interactive inverter prototype circuits are used to validate the model. A novel 
scheme for operating the PV array at maximum power point without using a dc-to-dc converter 
has also been developed. The scheme is successfully applied to the proposed discontinuous phase 
control technique based inverter as well as proposed multi-stage inverters. For discontinuous 
phase control technique based inverter, the mppt scheme utilizes two step control depending on 
the insolation level. The MPPT control algorithm switches the thyristors for higher and lower 
insolation thereby operating the PV array at the maximum power point. Thus, allowing a 
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combined control of the grid interactive inverter and tiie MPPT control into a single 
microcontroller unit. The efficiency of tracking the maximum power point is comparable to the 
tracking techniques available in literature. The combined MPPT control scheme for multi-stage 
inverter operates the grid interactive inverter at a particular switching angle combination ( 105° 
& 130°) for two-stage and 105°, 125° & 145° for three-stage) as the maximum power point for 
the solar PV array remains at these operating point for all insolation levels. The practical system 
developed, has 19% THD of line current, which is a significant improvement over square wave 
inverter which has a THD of 48%. Multi-stage series inverter topology proposed in chapter 3, 
ensures even voltage sharing, both statically and dynamically, among the active switches and 
offers better line current waveforms with less harmonic content. Thus, it significantly reduces the 
size and weight of passive filter components. Suitable selection of switching angle ensures THD 
is around 15% and 22% for two-stage and three-stage inverter, respectively. The MPPT scheme 
uses PIC 16F877A which is cheap and readily available in market. Proteus based software has 
been used for the simulation of PIC based controller circuit of inverter. 
With reduced THD and harmonics in line current and features of multistage series converter, the 
proposed topologies will be a better replacement to the conventional inverter system connected 
to the grid. 
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Future work 
All the circuit topologies proposed in the present work is related to a single-phase inverter 
system. Thus, these topologies can be easily extended for the three-phase and high power solar 
PV based grid interactive inverter systems. 
Moreover, the combined PIC microcontroller based control strategy for inverter, as proposed 
here, which has inherent MPPT for solar PV system, can also be extended for other renewable 
energy based system, eg. wind power based grid interactive dc-to-ac inverter systems. 
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APPENDIX 1 
Programming PIC 16F877A 
The MPLAB SIM software simulator allows code development in a PC-hosted 
environment by simulating the PIC series microcontrollers on an instruction level. On any 
given instruction, the data areas can be examined or modified and stimuli can be applied from 
a file, or user-defined key press, to any of the pins. The execution can be performed in single 
step, execute until break, or trace mode. MPLAB IDE is a Windows Operating System (OS) 
software program that runs on a PC to develop applications for Microchip microcontrollers 
and digital signal controllers. It is called an Integrated Development Environment, or IDE, 
because it provides a single integrated "environment" to develop code for embedded 
microcontrollers 
Generating the hex code from MPLAB IDE software involves following step. 
1. Open MPLAB IDE and click project. 
2. Goto project wizard, click to open it. 
3. Click next and select PIC 16F877A from select a device, click next. 
4. In active toolsuite select microchip MPASM, click next. 
5. Browse the computer to determine the place where the project files will be saved. 
6. Click next, existing files can be added later, click finish. 
7. Now open a new file and start writing the assembly program. 
8. Save it and add it in source file. 
9. Build the program. Hex code will automatically be generated at the predefined 
position. 
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The major advantage of using microcontroller for generating triggering pulses is the 
ease with which it can be programmed to generate a number of relative switching delay 
pulses for control circuit. The pulses generated from microcontroller are given to the inverter 
through opto isolator (MOC 3021) for isolating it from the power circuit. Six opto isolators 
are required for the six thyristors. 
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APPENDIX II: PROGRAMS 
ASSEMBLY PROGRAM FOR ZERO CROSSING DETECTION 
LISTP=16F877A 
#INCLUDE <P16F877A.INC> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RPO 
MOVLWb'OOllllir 
MOVWF OPTION_REG 
MOVLWb'OOOOOOOr 
; Creating variable registers 
; Select bank 1 
Initialise OPTIO 
INTSERV 
NOTRBO 
DELAY 
TOO 
INO 
MOVWF TRISB 
BCF STATUS,RPO 
CLRF PORTB 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF INTCON,INTE 
GOTO$ 
BSF STATUS,RPO 
BTFSS INTCON,INTF 
GOTO NOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
BSFPORTB,0x01 
CALL DELAY 
BCF PORTB, 1 
RETFIE 
BCF INTCON,INTF 
RETFIE 
M O V L W b ' l l l l l l i r 
MOVWF COUNTERL 
MOVWF COUNTERH 
DECFSZ COUNTERL ; 
GOTO TOO ; 
DECFSZ COUNTERL 
GOTO INO 
RETURN 
END 
; Make RBO pin of port B as I/P pin and rest as 
0/Ppin 
, Clear PORTB output latches 
, Clear INTF pin of INTCON register 
, Set GIE pin of INTCON register 
Set INTE pin of INTCON register 
remain here 
Check if the interrupt is generated at RBO pin 
Set high RBI pin 
Call delay routine 
Set low RBI pin 
Decrement COUNTERL 
If not zero, keep decrementing COUNTERL 
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Figure 3. Generation of pulses at zero crossing 
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ASSEMBLY PROGRAM FOR DISCONTINUOUS PHASE CONTROL INVERTER 
LISTP=16F877A 
#INCLUDE <P16F877A.INC> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
DELI 
DEL2 
DEL3 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RPO 
MOVLWb'OOllllir 
MOVWF OPTION_REG 
MOVLWb'OOOOOOOr 
MOVWF TRISB 
BCF STATUS,RPO 
CLRF PORTB 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF INTCON,INTE 
GOTO$ 
; Creating variable registers 
; Select bank 1 
; Initialise OPTIO 
; Make RBO pin of port B as I/P pin and rest as 
0/Ppin 
Clear PORTB output latches 
Clear INTF pin of INTCON register 
Set GIE pin of INTCON register 
Set [NTE pin of INTCON register 
remain here 
INTSERV BSF STATUS,RPO 
BTFSS INTCON,INTF 
GOTO NOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
CALL DELAYONE 
BSFPORTB,0x01 
CALL DELAY 
BCF PORTB, 1 
CALL DELAYTWO 
BSF P0RTB,2 
CALL DELAY 
BCF P0RTB,2 
; Check if the interrupt is generated at RBO pin 
; Set high RBI pin 
; Call delay routine 
;SetlowRBlpin 
; Set high RB2 pin 
; Call delay routine 
;Set low RB2 pin 
RETFIE 
NOTRBO BCF INTC0N,INTF 
RETFIE 
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DELAY 
TOO 
INO 
MOVLWb'lll l l l ir 
MOVWF COUNTERL 
MOVWF COUNTERH 
DECFSZ COUNTERL ;Decrement COUNTERL 
GOTO TOO ;If not zero, keep decrementing COUNTERL 
DECFSZ COUNTERL 
GOTO INO 
RETURN 
DELAYONE 
MOVLW 0X46 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X7F 
MOVWF DEL3 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
GOTO $-1 
DECFSZ DELS, F 
GOTO $-5 
RETURN 
END 
Oscifloscope 
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Figure 4. Generation of pulses for discontinuous phase control inverter. The lower leg pulses 
lag by 180" with respect to upper leg pulses. 
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ASSEMBLY PROGRAM FOR THREE STAGE GRID INTERACTIVE INVERTER 
LISTP-16F877A 
#INCLUDE <P16F877A.INC> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
DELI 
DEL2 
DEL3 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RPO 
MOVLWb'OOllllir 
MOVWF OPTION_REG 
MOVLWb'OOOOOOOr 
MOVWF TRISB 
BCF STATUS,RPO 
CLRF PORTB 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF INTCON,INTE 
GOTO$ 
; Creating variable registers 
Select bank 1 
Initialise OPTIO 
Make RBO pin of port B as I/P pin and rest as 
0/P pin 
Clear PORTB output latches 
Clear INTF pin of INTCON register 
Set GIE pin of INTCON register 
Set INTE pin of INTCON register 
remain here 
INTSERV BSF STATUS,RPO 
BTFSS INTCON,INTF 
GOTO NOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
CALL DELAYONE 
BSF PORTB,0x01 
CALL DELAY 
BCF P0RTB,1 
CALL DELAYTWO 
BSF P0RTB,2 
CALL DELAY 
BCF P0RTB,2 
CALL DELAYTWO 
BSF P0RTB,3 
CALL DELAY 
BCF P0RTB,3 
CALL DELAYTHREE 
BSF PORTB,0x04 
CALL DELAY 
; Check if the interrupt is generated at RBO pin 
; Set high RBI pin 
; Call delay routine 
;SetlowRBlpin 
; Set high RB2 pin 
; Call delay routine 
;Set low RB2 pin 
; Sel high RB3 pin 
; Call delay routine 
;Set low RB3 pin 
; Set high RB4 pin 
;Call delay routine 
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NOTRBO 
BCF P0RTB,4 
CALL DELAYTWO 
BSF P0RTB,5 
CALL DELAY 
BCF P0RTB,5 
CALL DELAYTWO 
BSF P0RTB,6 
CALL DELAY 
BCF P0RTB,6 
RETFIE 
BCF INTCON,INTF 
RETFIE 
;Set low RB4 pin 
; Set high RB5 pin 
;Call delay routine 
;Set low RB5 pin 
;Set high RB5 pin 
;Call delay routine 
;Set low RB5 pin 
DELAY 
TOO 
INO 
M O V L W b ' l l l l l l i r 
MOVWF COUNTERL 
MOVWF COUNTERH 
DECFSZ COUNTERL ;Decrement COUNTERL 
GOTO TOO ;If not zero, keep decrementing COUNTERL 
DECFSZ COUNTERL 
GOTO INO 
RETURN 
DELAYONE 
MOVLW 0X26 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X08 
MOVWF DEL3 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
G0T0$-1 
DECFSZ DEL3, F 
GOTO $-5 
RETURN 
DELAYTHREE 
MOVLW 0X2E 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
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GOTO $-1 
DECFSZDEL1,F 
GOTO $-5 
RETURN 
END 
C h 2 [ N ^ 
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Figure 5. Periodic pulse at RBO pin. 
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Figure 6. Synchronized pulses for upper leg of each of three converter. 
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Oscilloscope 
Figure 7. Synchronized pulses for lower leg of each of three converter. 
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APPENDIX III 
Programming and using PIC 16F877A in PROTEUS VSM involves following steps. 
1. Select library»pick device/symbol to display the pick devices dialog box. 
2. Find in category the microcontroller ICs and select the PIC16 Family. 
3. Select 16F877A from result and click OK and click again to place the component on the design 
workspace. 
4. Select add/remove source file.,., from source. Add/remove source code file toolbar will open. 
5. In source code file name browse to the destination code file. 
6. Keep code generation tool as MPASM. Click OK 
7. Double click on the PIC 16F877A block to open edit component toolbar. 
> Select PCB package (From PLCC44, DIL40 and QFP44) 
> Load the program hex file generated from MPLAB IDE in program file 
> Set processor clock frequency to 20 MHz. 
8. Click OK. 
To select components from the PROTEUS 7 device libraries: 
1. Select the component icon from the Mode Selector toolbar. 
2. Click left on the 'P' Button on the Object Selector. This will cause the Device Library Browser to 
appear as shown below. 
3. Either enter one or more keywords or else navigate through the category and subcategory columns 
to filter down the indexing system and locate the desired library part. 
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4. Double click on a part in the results list in order to select it into the design. 
5. When the device has been selected, use the ok button to close the dialogue and return to ISIS. 
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Figure 9. Simulation window of PROTEUS VSM. 
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Figure 10 (a)-(c) Simulated pulses for thyristors in three-stage grid interactive inverter. 
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ASSEMBLY PROGRAM FOR DISCONTINUOUS PHASE CONTROL BASED 
GRID INTERACTIVE INVERTER INCORPORATING MPPT 
LISTp=16F877A 
#include <pl6f877a.inc> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
COUNTERM 
DELI 
DEL2 
DEL3 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RP0 
BCF STATUS,RP1 
MOVLWb'OIllllIl' 
MOVWF OPTIONREG 
MOVLWb'OOOOOOOl' 
MOVWF TRISB 
MOVLW b'OOOOOOOO' 
MOVWF TRISD 
MOVLW b'OOOlir 
MOVWF TRISA 
BCF STATUS,RPO 
BCFSTATUS,RP1 
CLRF PORTB 
CLRF PORTD 
CLRF PORTA 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF INTCON,INTE 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVLW 0x03 
MOVWF CMCON 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVF CMCON,F 
GOTO$ 
>• ; Initialise User defined registers 
; Program initiation select BANK 1 
; MOV (128)d to OPTION_REG 
; Set RBO as input pin, Rest output pin 
; Set RD0-RD7 as output pin 
; Initialize data direction 
Clear PORTB output latches 
Clear PORTD output latches 
Clear PORTA output latches 
; Init comparator mode 
;CM<2:0> = 011 
;SelectBankl 
;Read CMCON to end change condition 
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INTSERV BSF STATUS,RPO 
BTFSS INTC0N,1NTF 
GOTONOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
BANKSEL CMCON 
BTFSC CMC0N,C20UT 
GOTO LOWPOW 
CALL DELAYONE 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD,! 
CALL DELAY 
BCFPORTD,! 
RETFIE 
NOTRBO BCF INTCON,INTF 
RETFIE 
; Interrupt service routine 
; Bit test of INTCON register, skip if INTF is SET 
; Bit test of CMCON Register, Skip if C20UT is 
; clear 
; GOTO switching angle combination for lower 
; Solar insolation 
SetRDO 
Call delay routine 
Clear RDO 
LOWPOW 
CALL DELAYTHREE 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYFOUR 
BSFPORTD,! 
CALL DELAY 
BCFPORTD,! 
RETFIE 
; Switching angle combination for lower 
; Solar insolation 
Turn on LED on RB1 
Call delay routine 
Turn OFF LED on RBI 
DELAY 
MOVLW 0X03 
MOVWFDEL! 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
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DELAYONE 
MOVLW 0X46 
MOVWFDELl 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X7F 
MOVWF DELS 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
G0T0$-1 
DECFSZ DELS, F 
GOTO $-5 
RETURN 
DELAYTHREE 
MOVLW 0X6S 
MOVWFDELl 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFOUR 
MOVLW 0X7F 
MOVWFDELl 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
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ASSEMBLY PROGRAM FOR TWO-STAGE GRID INVERTER INCORPORATING 
MPPT 
LISTp=16F877A 
#include <pl6f877a.inc> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
COUNTERM 
DEL] 
DEL2 
DEL3 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVLWb'Olllllir 
MOVWF OPTIONREG 
MOVLWb'OOOOOOOr 
MOVWF TRISB 
MOVLW b'OOOOOOOO' 
MOVWF TRISD 
MOVLW b'OOOlir 
MOVWF TRISA 
BCF STATUS,RPO 
BCF STATUS,RP1 
CLRF PORTB 
CLRF PORTD 
CLRF PORTA 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF INTCON,INTE 
BSF STATUS,RPO 
BCF STATUS,RP1 
MOVLW 0x03 
MOVWF CMCON 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVF CMCON,F 
GOTO$ 
>• ; Initialise User defined registers 
; Program initiation select BANK 1 
; MOV (128)dto OPTION_REG 
; Set RBO as input pin, Rest output pin 
; Set RD0-RD7 as output pin 
: Initialize data direction 
Clear PORTB output latches 
Clear PORTD output latches 
Clear PORTA output latches 
; Init comparator mode 
;CM<2:0> = 011 
;SelectBankl 
;Read CMCON to end change condition 
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INTSERV BSF STATUS,RPO 
BTFSS 1NTC0N,INTF 
GOTO NOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
BANKSEL CMCON 
BTFSC CMC0N,C20UT 
GOTO LOWPOW 
CALL DELAYONE 
BCF STATUS,RPO 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD,! 
CALL DELAY 
BCF P0RTD,1 
CALL DELAYTHREE 
BSF P0RTD,3 
CALL DELAY 
BCF P0RTD,3 
CALL DELAYTWO 
BSF PORTD,0x04 
CALL DELAY 
BCF P0RTD,4 
RETFIE 
; Interrupt service routine 
; Bit test of INTCON register, skip if INTF is SET 
Bit test of CMCON Register, Skip if C20UT is 
clear 
GOTO switching angle combination for lower 
Solar insolation 
Turn on LED on RB1 
Call delay routine 
Turn OFF LED on RBI 
;Call delay routine 
NOTRBO BCF INTCON,INTF 
RETFIE 
LOWPOW 
CALL DELAYFOUR 
BCF STATUS,RPO 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD,} 
CALL DELAY 
BCFPORTD,! 
CALL DELAYFIVE 
BSF P0RTD,3 
CALL DELAY 
; Switching angle combination for lower 
; Solar insolation 
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DELAY 
BCF P0RTD,3 
CALL DELAYTWO 
BSF PORTD,0x04 
CALL DELAY ;Call delay routine 
BCF P0RTD,4 
RETFIE 
MOVLW 0X03 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYONE 
MOVLW 0X46 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X7F 
MOVWF DEL3 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, 
GOTO $-1 
DECFSZ DEL3, 
GOTO $-5 
RETURN 
DELAYTHREE 
MOVLW 0X23 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
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DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFOUR 
MOVLW 0X54 
MOVWFDELl 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFIVE 
MOVLW 0X20 
MOVWFDELl 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
END 
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ASSEMBLY PROGRAM FOR THREE STAGE GRID INTERACTIVE INVERTER 
INCORPORATING MPPT 
LlSTp=16F877A 
#include <pl6fB77a.inc> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
COUNTERM 
DELI 
DEL2 
DELS 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVLWb'OllllUr 
MOVWF OPTIONREG 
MOVLWb'OOOOOOOr 
MOVWF TRISB 
MOVLW b'OOOOOOOO' 
MOVWF TRISD 
MOVLW b'OOOlII' 
MOVWF TRISA 
BCF STATUS,RPO 
BCFSTATUS,RP1 
CLRF PORTB 
CLRF PORTD 
CLRF PORTA 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF 1NTC0N,INTE 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVLW 0x03 
MOVWF CMCON 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVE CMCON,F 
GOTO$ 
>• ; Initialise User defined registers 
; Program initiation select BANK 1 
; MOV (128)dto OPTION_REG 
; Set RBO as input pin, Rest output pin 
; Set RD0-RD7 as output pin 
; Initialize data direction 
Clear PORTB output latches 
Clear PORTD output latches 
Clear PORTA output latches 
; Init comparator mode 
;CM<2:0> = 011 
;Select Bankl 
;Read CMCON to end change condition 
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INTSERV BSF STATUS,RPO 
BTFSS INTCON,INTF 
GOTONOTRBO 
BCF STATUS,RPO 
BCF INTCON,INTF 
BANKSEL CMCON 
BTFSC CMC0N,C20UT 
GOTO LOWPOW 
CALL DELAYONE 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD,! 
CALL DELAY 
BCFPORTD,! 
CALL DELAYTHREE 
BSF P0RTD,3 
CALL DELAY 
BCF P0RTD,3 
CALL DELAYTWO 
BSF PORTD,0x04 
CALL DELAY 
BCF P0RTD,4 
RETFIE 
NOTRBO BCF INTCON,INTF 
RETFIE 
; Interrupt service routine 
; Bit test of INTCON register, skip if INTF is SET 
; Bit test of CMCON Register, Skip if C20UT is 
; clear 
; GOTO switching angle combination for lower 
; Solar insolation 
; Set RDO 
; Call delay routine 
; Clear RDO 
;Tum on LED on RBI 
;Call delay routine 
;TumOFF LED on RBI 
LOWPOW 
CALL DELAYFOUR 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYFIVE 
BSFPORTD,! 
CALL DELAY 
BCFPORTD,] 
CALL DELAYSIX 
BSF P0RTD,3 
CALL DELAY 
BCF P0RTD,3 
CALL DELAYFIVE 
BSF PORTD,0x04 
; Switching angle combination for lower 
; Solar insolation 
Turn on LED on RB 1 
Call delay routine 
Turn OFF LED on RBI 
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DELAY 
CALL DELAY 
BCF P0RTD,4 
RETFIE 
MOVLW 0X03 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYONE 
MOVLW 0X2C 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X01 
MOVWF DELS 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
GOTO$-] 
DECFSZ DEL3, F 
GOTO $-5 
RETURN 
DELAYTHREE 
MOVLW 0X3A 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
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RETURN 
DELAYFOUR 
MOVLW OXID 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFIVE 
DELAYSIX 
MOVLW 0X08 
MOVWF DELS 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
G0T0$-1 
DECFSZ DELS, F 
GOTO $-5 
RETURN 
MOVLW 0XS2 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
END 
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ASSEMBLY PROGRAM FOR TWO-STAGE GRID INVERTER INCORPORATING 
MPPT 
LISTp=16F877A 
#include<pl6f877a.inc> 
CBLOCK 0x040 
COUNTERL 
COUNTERH 
COUNTERM 
DELI 
DEL2 
DEL3 
DEL4 
ENDC 
ORG 0x000 
GOTO START 
ORG 0X04 
GOTO INTSERV 
START BSF STATUS,RP0 
BCFSTATUS,RP1 
MOVLWb'Olllllir 
MOVWF OPTION_REG 
MOVLWb'OOOOOOOr 
MOVWF TRISB 
MOVLW b'OOOOOOOO* 
MOVWF TRISD 
MOVLW b'OOOl 11' 
MOVWF TRISA 
BCF STATUS,RPO 
BCFSTATUS,RP1 
CLRF PORTB 
CLRF PORTD 
CLRF PORTA 
BCF INTCON,INTF 
BSF INTCON,GIE 
BSF 1NTC0N,INTE 
BSF STATUS,RPO 
BCFSTATUS,RP1 
MOVLW 0x03 
MOVWF CMCON 
BSF STATUS,RP0 
BCFSTATUS,RP1 
MOVF CMCON,F 
GOTO$ 
>• ; Initialise User defined registers 
; Program initiation select BANK 1 
; MOV (128)dto OPTION_REG 
; Set RBO as input pin, Rest output pin 
; Set RD0-RD7 as output pin 
; Initialize data direction 
Clear PORTB output latches 
Clear PORTD output latches 
Clear PORTA output latches 
; Init comparator mode 
;CM<2:0> = 011 
;Select Bankl 
;Read CMCON to end change condition 
INTSERV BSF STATUS,RPO 
BTFSS INTCON,INTF 
GOTO NOTRBO 
BCF STATUS,RPO 
BCF rNTCON,INTF 
BANKSEL CMCON 
BTFSC CMC0N,C20UT 
GOTO LOWPOW 
CALL DELAYONE 
BCF STATUS,RPO 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD,! 
CALL DELAY 
BCFPORTD,! 
CALL DELAYTHREE 
BSF P0RTD,3 
CALL DELAY 
BCF P0RTD,3 
CALL DELAYTWO 
BSF PORTD,0x04 
CALL DELAY 
BCF P0RTD,4 
RETFIE 
; Interrupt service routine 
; Bit test of INTCON register, skip if INTF is SET 
Bit test of CMCON Register, Skip if C20UT is 
clear 
GOTO switching angle combination for lower 
Solar insolation 
Turn on LED on RBI 
Call delay routine 
Turn OFF LED on RBI 
;Call delay routine 
NOTRBO BCF INTCON,INTF 
RETFIE 
LOWPOW 
CALL DELAYFOUR 
BCF STATUS,RPO 
BSF PORTD,OxOO 
CALL DELAY 
BCF PORTD,0 
CALL DELAYTWO 
BSFPORTD, I 
CALL DELAY 
BCFPORTD,! 
CALL DELAYFIVE 
BSF P0RTD,3 
CALL DELAY 
; Switching angle combination for lower 
; Solar insolation 
DELAY 
BCF P0RTD,3 
CALL DELAYTWO 
BSF PORTD,0x04 
CALL DELAY ;Call delay routine 
BCF P0RTD,4 
RETFIE 
MOVLW 0X03 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYONE 
MOVLW 0X46 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
G0T0$-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYTWO 
MOVLW 0X7F 
MOVWF DEL3 
MOVLW OXFF 
MOVWF DEL4 
DECFSZ DEL4, F 
G0T0$-1 
DECFSZ DEL3, F 
GOTO $-5 
RETURN 
DELAYTHREE 
MOVLW 0X23 
MOVWF DELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFOUR 
MOVLW 0X54 
MOVWFDELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO$-I 
DECFSZ DELI, F 
GOTO $-5 
RETURN 
DELAYFIVE 
MOVLW 0X20 
MOVWFDELI 
MOVLW OXFF 
MOVWF DEL2 
DECFSZ DEL2, F 
GOTO $-1 
DECFSZ DEL J, F 
GOTO $-5 
RETURN 
END 
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